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Preface 



The drugs named calcium channel blockers (CCBs) were initially termed cal- 
cium antagonists (see Chapter 1). They are also designated as calcium entry 
blockers (CEBs), calcium blockers, calcium channel antagonists, calcium 
channel inhibitors (and in French anticalciques). As this is reported in several 
chapters of this book, their main effect is a blockade of calcium entry into cells 
through voltage operated calcium channels (VOCCs). Chemically related 
drugs, such as Bay K 8644, exert the opposite effect by increasing the proba- 
bility of calcium channel opening. One of the subcommittees of the 
Nomenclature Committee (NC-IUPAR) of the International Union of 
Pharmacology has been devoted to the classification of calcium channels and 
the site of action of drugs modifying channel function. The members of this 
Committee are noted for their significant contribution to the field (Tab. 1). A 
report has been published in 1992 in Pharmacological Reviews [3]. 

A list of criteria was approved for the identification of distinct drug binding 
sites on Ca 2+ channels. It included: (a) the demonstration of a stereoselective 
binding site supported by drug interaction studies (competition with other 
drugs, non-competitive interactions with other sites, reversal of inhibitory 
effects by channel activators); (b) demonstration of the electrophysiological 
effects of the drug and selectivity of action compared to other sites; (c) deter- 
mination of the affinity for the type and subtype of ion channel. These criteria 
have identified different classes of Ca antagonists (see Chapter 2). When rec- 
ommending a drug nomenclature, the Committee mentioned that the terms 
“calcium antagonist” or “calcium entry blocker” have gained historic pharma- 
cological and clinical acceptance when applied to agents inhibiting L-type 
channel function by acting at specific sites and that these terms will undoubt- 
edly continue to be used to describe the classic pharmacological properties of 
this type of agent. However, it was clear at that time that new pharmacological 
profiles were expected from interactions with other types of calcium channel, 
or even from new binding sites on the L-type channel, quite different from the 
profile associated with, for example, nifedipine. For the Committee, the term 
“calcium channel modulator” was preferred for agents interacting with calci- 
um channels. The term “calcium agonist” was considered inappropriate, and 
agents such as Bay K 8644 were referred to as calcium channel activators and 
inhibitory compounds were referred to as calcium channel blockers. More 
recently NC-IUPHAR has established a new subcommittee devoted to calcium 
channels classification (Tab. 2), which has published a Compendium in 2002 
[1]. The IUPHAR recommended classifications have been followed in this 
book, which is divided in ten chapters. All chapters can be independently read. 
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Table 1 . Composition of the temporary section of the Nomenclature Committee (NC-IUPAR) of the 
International Union of Pharmacology devoted to the classification of calcium channels and the site of 
action of drugs modifying channel function 



R. Paoletti 

President: Institute of Pharmacol. Sciences, 
Via Balzaretti 9 
20133 Milan, Italy 
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The University of Chicago Medical Center 
Chicago, IL 60637, USA 


M. Spedding 
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Saitama, Japan 
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University Hospital 
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J. Olesen 
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University of Copenhagen 
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M. 0. Christen 
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University of Capetown 
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S. Ebashi 

Director-General and Professor 
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A. Schwartz 

Professor and Chairman 
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University of Cincinnati College of Medicine 
Cincinnati, OH 45267-0575, USA 


C. Fieschi 

Cattedara di Clinica Neurologica 
Viale delFUniversita 90 
University of Rome 


B. Siesjo 

University of Lund 
Laboratory for Experiment 
Brain Research, 

Lund Hospital 
S-22185 Lund, Sweden 


A. Fleckenstein (f ) and G. Fleckenstein-Grun 
Albert Ludwigs Universitat 
Physiologisches Institut 
Herman Herder Strasse 7 
D-78oo Freiburg, Germany 


R. W. Tsien 

Department of Molecular Cell Physiology 
Stanford University 
B 105 Beckman Centre 
Stanford, CA, USA 


T. Godfraind 

Laboratoire de Pharmacodynamie 
Generale et de Pharmacologie 
Universite Catholique de Louvain 
Avenue Mounier 73 -U. C.L7350 
B-1200 Bruxelles, Belgium 


P. M. Vanhoutte 

Baylor College of Medicine 

Centre for Experimental Therapeutics 

One Baylor Plaza 

Houston, TX 77030, USA 


B. E. G. Johansson 
AB Hassle Research Labs 
8-431 83 Molndal 
Sweden 


J. M. Van Nueten 
International Research Council 
Janssen Research Foundation 
Tumhoutseweg 30 
B-2340 Beerse, Belgium 
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Table 1. (Continued) 



S. Kazda P. A. Van Zwieten 

Bayer A. G. -Institute fuer Pharmacologie Departments of Pharmacotherapy, 

Postfach 10 1709 Pharmacology and Cardiology 

D-5600, Wuppertal, Germany Academic Medical Centre and Academic Hospital 

University of Amsterdam 
1 105 AZ Amsterdam, The Netherlands 



R. J. Miller 

Department of Pharmacology 
University of Chicago 
947 E. 58th Street 
Chicago, IL 60637, USA 



Chapter 1 deals with an historical perspective: from early steps on calcium 
research to the identification of calcium antagonist prototypes and of the sig- 
naling functions of Ca 2+ . Chapter 2 is a review dealing with the various iden- 
tified calcium channels: receptor- activated, ligand-gated, and voltage-operat- 
ed. Special attention is devoted to voltage-operated calcium channels that are 
targets of calcium antagonists. Chapter 3 deals with the action of calcium 
antagonists on Ca 2+ movements in isolated vessels. Our initial hypothesis [2] 
was that the reduction of blood pressure by calcium antagonists is the result of 
a decrease of peripheral resistance due to vasodilatation within the arterial 
beds. Therefore, a large body of experimental work has been concerned with 
studies of the mechanism of action of CCBs in arteries. Earliest studies have 
addressed the mechanism of action of calcium antagonists in the vasculature 
by considering their interaction with Ca 2+ activator of the contractile machin- 
ery. Such approaches have required the characterization of calcium movements 
in the absence and in the presence of calcium antagonists. Chapter 4 deals with 
the tissue selectivity of calcium antagonists, which has some interest for phar- 
macotherapy. Analytical pharmacology studies of various CCBs that have sup- 
ported the concepts of tissue and action selectivity are reported in this chapter. 
Chapter 5 deals with acute haemodynamic effects of calcium channel block- 



Table 2. NC-IUPHAR Subcommittee on calcium channels 
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Columbia V6T 1Z3, Canada 
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ers. The examples taken in this chapter are illustrative of the actions of CCBs 
in general, even if all drugs have not been examined. Owing to the complexi- 
ty of haemodynamic reflexes and the tissue selectivity of CCBs at the level of 
the various vascular beds, it might be anticipated that those drugs may exhib- 
it variations in action according to the vascular bed or the species so far con- 
sidered. Because of the importance of CCBs for the therapy of coronary dis- 
eases, hypertension and stroke, their actions have been studied in coronary, 
renal and cerebral circulations. Chapter 6 deals with calcium channels and the 
regulation of vascular tone in hypertension. Regulation of the contractile activ- 
ity of vascular smooth muscle cells in the systemic circulation is dependent on 
a complex interplay of vasodilator and vasoconstrictor stimuli from circulating 
hormones, neurotransmitters, endothelium-derived factors, and blood pres- 
sure. All these signals are integrated by vascular muscle cells to determine the 
activity of the contractile apparatus of the muscle cells and hence resistance of 
a blood vessel. Calcium antagonists produce a hypotensive effect more pro- 
nounced in hypertensive than in normotensive humans and animals. How the 
disease modifies the target is the purpose of this chapter. Chapter 7 deals with 
long-term effects of calcium antagonists. Indeed, patients are treated for life 
with those drugs, which prevent both in hypertensive humans and animals the 
alterations of various organs including heart and kidneys. Analysis of the long- 
term effects has been done in experimental animals showing how calcium 
channel blockers prevent tissue remodeling and the activation of endothelin 
and renin-angiotensin systems in salt- sensitive species. Such studies raise the 
question of whether the reduction of blood pressure is the sole mechanism 
responsible for the therapeutic long-term effects. Therefore, in Chapter 8 we 
examine the blood pressure-independent effects of calcium channel blockers 
as potential mechanisms of tissue protection, which have not reached full 
acceptance because of poor evidence from clinical studies. Evidence for such 
mechanisms is provided by various studies: analytical pharmacology showing 
that prevention of cardiac remodeling is not directly related to reduction of 
blood pressure, effects on hypertrophic stimuli in cardiac cells in culture, 
blockade of the renin-angiotensin system, inhibition of the translocation of 
protein-kinase, interaction with the L-arginine-NO pathway and the anti-oxi- 
dant properties of some molecules that could account for a therapeutic action 
in atherosclerosis. Chapter 9 deals with early clinical trials and with random- 
ized control trials (RCTs) in cardiovascular medicine, considering cardiac 
ischaemia, cardiac arrhythmias, hypertension and atherosclerosis. Questions 
raised by meta-analyses are also examined in the light of results obtained from 
ALLHAT, the largest RCT so far organized in the treatment of hypertension. 
Chapter 10 is entitled ‘Beyond the cardiovascular system’. Blockade of L-type 
calcium currents by dihydropyridines, phenylalkylamines and benzoth- 
iazepines forms the basis for treatment of cardiovascular diseases. A number 
of other agents that either un selectively or selectively target neuronal and other 
calcium channels have been described. Some of them have been introduced in 
therapy to treat gastro-intestinal or neuronal disorders and more recently, some 
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blockers have become the subject of intense interest regarding their potential- 
ity for the treatment of chronic and neuropathic pain. This appears promising 
for a variety of pain conditions. Those various aspects are examined. In the 
final section of this chapter it is assumed that although the future is by defini- 
tion imperceptible, it is likely that powerful medicines will be identified with- 
in a novel generation of calcium channel blockers. New chemical and biolog- 
ical technologies are emerging in the field of calcium channels pharmacology 
that may help the discovery of novel compounds more active in diseases insuf- 
ficiently controlled by the actual calcium channel blockers. 
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Historical perspective: from early steps on calcium 
research to the identification of calcium antagonist 
prototypes and of the signaling functions of Ca 2+ 



The role of calcium for the maintenance of cellular activity was observed by 
Ringer [55] as early as 1883. Some years later, Stiles reported that calcium 
activates smooth muscle contraction [61]. The key role of calcium in intracel- 
lular functions was not perceived until 70 years later by Heilbrunn in the 
United States (1947) [39] and by Kamada in Japan (1943) [43]. 

Nowadays, it is recognized that calcium is responsible for regulating a wide 
range of cellular processes, being generally considered as the ubiquitous sec- 
ond messenger. At the beginning of life, it mediates the process of fertilization. 
As cells differentiate to perform specific functions, Ca 2+ is regulating process- 
es as diverse as muscle contraction, exocytosis, energy metabolism, chemo- 
taxis, neurotransmission and synaptic plasticity during learning and memory. 
It is also involved in pathological processes such as cardiac hypertrophy and 
vascular hypertrophy. Irreversible damage as occurs during cardiac or cerebral 
ischaemia results from prolonged elevations of [Ca 2+ ]. The intracellular level 
of Ca 2+ in resting cells is normally held within a narrow range of 
20-100 nmol U 1 , avoiding this cytotoxicity. The signaling functions of Ca 2+ 
have to be performed against a tightly controlled Ca 2+ homeostasis. It is 
believed that dysregulation of this homeostasis has pathological consequences 
in cardiovascular diseases such as hypertension, atherosclerosis, coronary 
insufficiency, cardiac failure. The mechanisms involved are multiple and com- 
plex; therefore, the therapeutic mechanism of action of drugs used in order to 
manage those diseases might involve various targets. 

The main steps in calcium research as summarized by Ebashi [17] are 
reported in Table 1 . This shows that investigations into the pharmacology of 
calcium have only begun in the last 40 years. On examination of the literature 
of the end of the 1950s and of the early 1960s, it appears that the role of cal- 
cium in pharmacological processes was initially quantified in smooth muscle 
studies [16, 22]. Edman and Schild [19-21], for example, showed that depo- 
larization of rat uterus rendered the membrane of the smooth muscle cell per- 
meable to extracellular calcium and that the force of the contraction developed 
by the preparation was proportional to the concentration of calcium in the 
extracellular fluid. In addition, they provided evidence that acetylcholine- 
evoked contractions of smooth muscles were dependent on both intracellular 
and extracellular calcium. Similar observations were made with serotonin, his- 
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Table 1. Chronology of calcium research (as from [17]) 



Without Ca in bathing medium, the frog heart does 
not contract 


1983 


Ringer 


Ca activates smooth muscle contraction 


1901 


Stiles 


The first proposal of the Ca concept 


1940 


Heilbrunn 


Ca injection into myoplasm elicits local contraction 


1943 

1947 


Kamada and Kinosita 
Heilbrunn and 
Wiercinski 


Discovery of relaxing factor 


1951 


Bozler 


EDTA mimics the relaxing factor 


1954 


Bozler 


The relaxing factor is identical with microsomal ATPase 


1955 


Kumagai et al. 


Activation of myofibrillar ATPase requires about 
1 |aM Ca 2+ 


1959-61 


Ebashi 

Weber 


The mechanism of the relaxing factor 


1960-62 


Ebashi and Lipman 


Native tropomyosin is essential for Ca regulation 


1963 


Ebashi 


Cardiac actomyosin requires Ca" + like skeletal muscle one 


1964 


Otsuka et al. 


The sensitivity to Ca 2+ in smooth muscle is the same 
than in heart and skeletal muscle 


1965 


Filo, Bohr and Ruegg 


Discovery of troponin 


1965 


Ebashi and Kodama 


Ca activates Phosphorylase b kinase 


1967 


Ozawa et al. 


Ca-induced Ca release 


1968 


Endo 


The concept of Ca 2+ antagonist emerges 


1969 


Fleckenstein 

Godfraind 


Discovery of calmodulin 


1969 

1970 


Kariuchi and Yamazaki 
Cheung 


Myosin-linked regulation 


1970 


Kendrick- Jones 


Phosphorylation of myosin light chain induces 
smooth muscle contraction 


1976 


Sobiezek and Small 


Protein kinase C requires Ca 2+ 


1979 


Takai et al. 


Isolation of calmodulin-dependent protein kinase II 


1980 


Yamauchi and Fuji saw 


In Physarium, Ca 2+ inhibits and not activates 
actin-myosin-ATP interaction 


1980 


Kohama et al. 


IP 3 releases Ca 2+ from intracellular Ca stores 


1984 


Berridge and Irvine 



famine, and oxytocin [66]. Since this period, great advances have been made 
in the understanding of the regulation of smooth muscle contraction by calci- 
um, and this has been extensively reviewed [18, 44, 59]. 

In the 1960s, Godfraind and co-workers demonstrated on arterial tissue that 
the inhibition of Ca 2+ entry is a mechanism of vasodilatation [31-34, 36]. This 
discovery was the outcome of earlier studies of Godfraind and Godfraind De 
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Becker on the role of Ca 2+ in the pharmacological response to various drugs. 
In 1960, they studied the influence of the concentration of Na + and Ca 2+ in the 
physiological solution on the response of isolated smooth muscle to its stimu- 
latory neurotransmitters. They observed that the change in Ca 2+ concentration 
did not only change the contractility of the muscle, as could be anticipated by 
the current theory of muscle contraction, but that the sensitivity of the con- 
tractile response to acetylcholine was specifically enhanced by increasing the 
Ca 2+ concentration of the perfusion fluid and that this effect was specific for 
Ca 2+ when compared with other divalent cations [29, 30]. Thereafter, 
Godfraind et al. studied the influence of the extracellular concentration of Ca 2+ 
on the action of various pharmacological agents, both stimulatory and inhibito- 
ry. Their research was focused on drugs classically termed antispasmodics 
because of their capacity to reduce smooth muscle contraction evoked by var- 
ious spasmogens. The mechanism of action of antispasmodics could not be 
accounted for by the receptor theory, which implied that agonists and antago- 
nists compete for the same binding site and that a given concentration of a spe- 
cific antagonist could inhibit the response to only one given agonist. Godfraind 
proposed a simple model in order to take into account the action of such drugs 
that blocked at a same concentration the contractile response to various spas- 
mogens. He made the hypothesis that the interaction of the various agonists 
with their own receptors activated a common transmembrane mechanism of 
which Ca 2+ was the messenger. Structures activated by smooth muscle depo- 
larization that allowed the translocation of Ca 2+ from outside to inside the cell 
were suggested to be targets of the blockers. Nowadays, the molecular struc- 
ture of those calcium channels is identified (see Chapter 2). Among potential 
calcium entry blockers studied, Godfraind et al. first identified the plant alka- 
loid papaverine and synthetic chemicals of the phenothiazine and 
diphenylpiperazine groups, including lidoflazine, used as an antianginal drug 
[42] and cinnarizine which was at that time considered as antihistaminic [64] 
and was used as an anti-motion-sickness and antiallergic drug. Lidoflazine and 
cinnarizine inhibit the contraction of some smooth muscles evoked by several 
agonists, such as norepinephrine, angiotensin, acetylcholine, and vasopressin 
[12, 34, 36, 63]. When the action of lidoflazine or of cinnarizine was examined 
in isolated arteries, a same concentration of one of those inhibitors was able to 
block the contraction evoked by various agonists, confirming that they could 
interfere with the common mechanism activated by various spasmogens [33, 
34, 36]. The hypothesis that calcium translocation was this common mecha- 
nism was indirectly supported by a large body of experimental work [5, 14, 40, 
41]. According to the indirect evidence available at that time, the calcium acti- 
vating the contractile machinery subsequent to agonist stimulation could have 
been translocated either from the outside to the inside of the cell, or within the 
cell from an intracellular store. To determine if the antagonism was related to 
one or the other of those possible mechanisms, the action of diphenylpiper- 
azines on agonist-evoked contraction of arterial smooth muscle in the presence 
and absence of calcium was examined. In 1969, Godfraind and Kaba [31, 32] 
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showed that cinnarizine displaced to the right the calcium dose-effect curves 
obtained in depolarized mesenteric arteries. The antagonism was observed for 
concentrations of cinnarizine as low as 10~ 9 M and was dose-dependent 
(Fig. 1). Cinnarizine also relaxed depolarized smooth muscle contracted in the 
presence of Ca 2+ . They also examined the action of cinnarizine on the con- 
traction evoked by adrenaline and observed that blockade of this contraction 
was related to extracellular Ca 2+ , an observation supporting the hypothesis that 
blockade of calcium entry is a mechanism of drug action [28]. 

In order to test further this hypothesis, Godfraind and co-workers studied 
other smooth muscle preparations. They showed that the action of cinnarizine 
was not related to a-adrenoceptor blockade [32, 33a]. They noted that the inhi- 
bition by cinnarizine of the response to adrenaline was more pronounced in 
small than in large arteries; an observation consistent with their hypothesis that 
was hardly received at that time (Godfraind et al., 1968). Now it is generally 
accepted that the contraction of small arteries responsible for the control of 







Figure 1 . Effect of cinnarizine on contractions evoked by Ca 2+ in K + -depolarised rabbit mesenteric 
arteries. Arterial preparations were pre-incubated in Ca 2+ -free physiological solution depolarised in 
Ca" + -free KCl-rich solution, and then further incubated with increasing Ca 2+ concentrations. 
Cumulative concentration-effect curves were obtained before (O) and after (A) addition of cinnarizine 
(C) at the concentrations indicated. Responses are expressed in percentage of maximal contraction 
evoked before addition of cinnarizine. The inhibitory effect of cinnarizine is observed at concentra- 
tions as low as 1 nM and resembles the action of antagonists in receptor studies. In view of this sim- 
ilarity, the term ‘calcium antagonist’ was suggested to describe the action of cinnarizine. From [31] 
modified. 
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blood pressure is mainly dependent on extracellular calcium whereas in large 
arteries, contraction is preferentially related to intracellular calcium release. 

Contractions evoked by KC1 depolarization (due to calcium translocation 
from outside to inside the cell) were completely reversed by diphenylpiper- 
azines. When arteries were stimulated with agonists, diphenylpiperazines only 
blocked the contractions dependent on extracellular calcium, they left unal- 
tered the contractions evoked in the absence of extracellular calcium. This con- 
traction was assumed to be related to release of calcium from intracellular 
stores [31, 32]. Godfraind and Polster [36] had shown in several arteries, 
including pig coronary arteries and human pulmonary arteries, depolarized by 
KCl-rich solution, that by increasing the concentration of calcium in the 
bathing solution, the inhibitory effect of cinnarizine, lidoflazine, and chlorpro- 
mazine on the contractile response was antagonized. To characterize the effect 
of diphenylpiperazines, they used the term “antagoniste du calcium” (calcium 
antagonist), a term used coincidentally by Fleckenstein to describe the effects 
of verapamil and prenylamine on cardiac tissue [17]. Verapamil was described 
in 1962 by Haas and Hartfelder [38] and classified as a coronary vasodilator, 
capable of improving the ratio of myocardial oxygen supply to oxygen con- 
sumption in anesthetized open chest dogs, this was the time when clinicians 
strongly believed in the usefulness of coronary vasodilating drugs [57]. Due to 
its absence of bronchoconstrictive effect [37], it presented a great advantage 
over propanolol and therefore was of great clinical interest. Verapamil was 
considered in 1968 by Nayler et al. [51] as interacting with beta- adrenoceptors 
by a mechanism different from JZ-propanolol. In the 1960s, Fleckenstein and 
co-workers [24-27, 46-50] were interested in the study of the utilization of 
high energy phosphates in relation to muscle contraction and oxygen con- 
sumption and of disturbances in high energy phosphate metabolism under the 
action of catecholamines. In this respect they studied the role of Ca 2+ in the 
solution perfusing striated and cardiac muscle. In the course of his studies, 
Fleckenstein discovered that the action of verapamil and of prenylamine mim- 
icked the effect of calcium withdrawal. Because of this, he proposed that the 
excitation-contraction uncoupling evoked by prenylamine, verapamil, and its 
derivative, gallopamil (D600)+ was due to calcium antagonism [26]. 

The concept of calcium antagonism [23, 35] has been extended to other 
drugs considered in Chapter 2 and all over this book. They are termed calcium 
antagonists but also calcium entry blockers, calcium channel blockers (CCBs). 

A great deal of experimental work has improved our knowledge on the 
physiology of calcium [1, 17, 45, 58, 62, 65]. As already mentioned above, cal- 
cium under its ionized form (Ca 2+ ) is generally considered as the ubiquitous 
second messenger. The signaling functions of Ca 2+ are performed against a 
background of a tightly controlled Ca 2+ homeostasis, which maintains the free 
calcium concentration that is normally held within the narrow range of 
20-100 nmoi r 1 in a resting cell. Another consequence of this rigid homeo- 
static control over Ca 2+ is that this ion has a very low diffusibility in cyto- 
plasm. Distributed throughout the cytoplasm is an extensive array of Ca 2+ 
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pumps [8, 9, 11], which rapidly sequester calcium ion, thus restricting its dif- 
fusion. In order to overcome the twin problems of an inherent cytotoxicity and 
low diffusibility, cells have evolved a mechanism of signalling based on pre- 
senting Ca 2+ as brief spikes often organized as regenerative waves [2-4, 6]. 
This spatiotemporal organization of Ca 2+ signaling might be related to the 
properties of the Ca 2+ channels that regulate the entry of Ca 2+ into the cyto- 
plasm. Cells have access to two sources of signal Ca 2+ . First, it enters from the 
outside; second, it can be released from internal stores. It enters through a vari- 
ety of plasmalemmal ion channels such as the voltage-operated channels 
(VOCs), receptor-operated channels (ROCs) or store-operated channels 
(SOCs), non-selective channels (from TRP family, etc.). Calcium channel 
blockers (CCBS, also named calcium antagonists, calcium entry blockers) 
interact with VOCs; these channels will be discussed more extensively later. 
Which of these sources is used varies somewhat from cell to cell. In the car- 
diovascular system, calcium entry from the outside plays a major role in regu- 
lating muscle function, but, as in most cells, the internal stores also provide 
signal Ca 2+ . Those internal stores are located in the endoplasmic reticulum (in 
muscles, in the sarcoplasmic reticulum), in mitochondria and in nucleus. In 
endoplasmic reticulum, there are two main types of intracellular Ca 2+ chan- 
nels. First, there is the ryanodine receptor (RYR) family comprising three 
members: RYR1 found in skeletal muscle and certain neurones (e.g., Purkinje 
cells); RYR2 found in cardiac muscle, brain and some other cells, and; RYR3 
found in smooth muscle, brain and other cells. These receptors are sensitive to 
caffeine, which activates the release of calcium from these stores. Second, the 
inositol 1,4,5-trisphosphate receptor (InsP 3 R) family has a number of mem- 
bers. There are four InsP 3 R genes, and further diversity results from alternative 
splicing. This group of receptors may be blocked by heparine. Mitochondria 
are also calcium regulatory structures. Their function is under intense investi- 
gation. It first appeared that they were involved in trancellular calcium waves. 
Cytosolic Ca 2+ homeostasis in resting cells is achieved by balancing the leak 
of Ca 2+ (entering from the outside or from the stores) by the constant removal 
of Ca 2+ using pumps either on the plasma membrane or on the internal stores. 
These pumps ensure that cytoplasmic [Ca 2+ ] remains low and that the stores 
are loaded with signal Ca 2+ signaling molecule. Thus, the concentration of 
Ca 2+ ions is under very tight and dynamic control in all major cell compart- 
ments (cytoplasm, nucleus, endoplasmic reticulum, mitochondria) [53, 54]. In 
each compartment, this control is achieved through the interplay of transmem- 
brane entry and extrusion systems (channels, exchangers and transporters) and 
of buffering systems (Ca 2+ -binding proteins). Some of these buffers also par- 
ticipate in the further processing of the Ca 2+ concentration signals. An excel- 
lent general review by Brini and Carafoli [8] provides detailed information on 
intracellular Ca signaling and more specific papers are available on Ca 2+ stores 
in the endoplasmic reticulum [10, 60], in the nucleus [7] and in mitochondria 
[13, 15,52,56]. 
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Cellular regulation of calcium 

In 1883, Ringer showed that to get isolated hearts to contract, it was necessary 
to have Ca 2+ ions in the perfusion medium [421]. This was the first demon- 
stration of the critical role of calcium in cellular activity. Remarkably, a hun- 
dred years passed before the importance of calcium was recognized in 
processes other than muscle contraction, and almost as long before the cellu- 
lar mechanisms responsible for calcium regulation started to be understood. 
Nowadays, it is acknowledged that calcium is the most ubiquitous intracellu- 
lar signaling molecule and that the concentration of Ca 2+ ions is under very 
tight and dynamic control in all major cell compartments (cytoplasm, nucleus, 
endoplasmic reticulum, mitochondria). In each compartment, this control is 
achieved through the interplay of transmembrane entry and extrusion systems 
(channels, exchangers, and transporters) and of buffering systems (Ca 2+ -bind- 
ing proteins). Some of these buffers also participate in the further processing 
of the Ca 2+ concentration signals. An excellent general review by Brini and 
Carafoli [61] provides detailed information on intracellular calcium signaling 
and more specific papers are available on Ca 2+ stores in the endoplasmic retic- 
ulum [463], in the nucleus [50], and in mitochondria [137, 422]. 

Specific biological entities through which Ca 2+ ions enter cells (i.e., Ca 2+ 
channels) were not identified until the 1950s [153, 154]. The importance of 
Ca 2+ channels in regulating the actions of external calcium became apparent at 
the end of the 1960s, when critical roles were recognized in the propagation of 
excitation in cardiac Purkinje fibers [419] and in the release of neurotransmit- 
ter at the squid giant synapse [246]. Ca 2+ channels were subsequently reported 
in heart [420], smooth and skeletal muscle [28], neurons and endocrine cells 
[494]. There are three major pathways through which extracellular Ca 2+ can 
enter animal cells (Fig. 1): receptor-activated Ca 2+ channels (RACs), ligand- 
gated Ca 2+ channels (LGCs), and voltage-operated Ca 2+ channels (VOCs). In 
addition, there is also evidence for more targeted sensory mechanisms of Ca 2+ 
entry: mechanically-activated Ca 2+ channels, pH-activated Ca 2+ channels, and 
temperature-activated Ca 2+ channels. Although the voltage-operated Ca 2+ chan- 
nels will be the main subjects of this book, we will start with a short descrip- 
tion of the ligand-gated and receptor-activated Ca 2+ channels. 
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Figure 1. Pathways of Ca 2+ entry into animal cells. 



Ligand-gated Ca 2+ channels (LGC) 

Ligand-gated ion channels (or ionotropic receptors) combine a receptor and an 
ion channel in the same protein. This complex protein undergoes a conforma- 
tional change upon the binding of a specific ligand (usually a neurotransmit- 
ter), which leads to opening of the intrinsic ion channel. Three superfamilies 
of ligand-gated ion channels have been described: 1) the nicotinicoid super- 
family (receptors for acetylcholine (nicotinic), serotonin (5-HT 3 ), y-aminobu- 
tyric acid (GABA a , GABA c ), or glycine (strychnine- sensitive), plus some 
invertebrate anionic glutamate receptors); 2) the excitatory glutamate receptor 
superfamily (NMDA, AMPA, or kainate receptors); and 3) the ATP receptor 
superfamily (with a single constituting family, P2X). 



Structure 

Members of the nicotinicoid superfamily assemble as pentameric structures 
(homomeric or heteromeric) in plasma membranes, with each monomer hav- 
ing the same basic topology (extracellular N-terminal and C-terminal domains, 
four membrane- spanning segments (TM1-TM4), and a large intracellular loop 
between TM3 and TM4) (Fig. 2). The N-terminal domains constitute the ago- 
nist binding site and the five TM2 segments line the ion channel pore [94, 
265]. The structure of the other two superfamilies is not as well established. 
Present data suggests that members of the excitatory glutamate receptor super- 
family assemble as tetrameric structures (homomeric or heteromeric), with 
each monomer having the same basic topology (extracellular N-terminal and 
intracellular C-terminal domains, a ligand-binding domain (S1S2), three mem- 
brane-spanning segments (TM1, TM3, TM4), and a re-entrant loop M2 
between TM1 and TM3) (Fig. 2). This re-entrant loop lines the channel pore 
and is homologous to the P-loop of voltage-operated cation channels [130, 
265, 298]. Finally, members of the ATP receptor superfamily assemble as 
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Figure 2. Structure of ligand-gated ion channels. 




trimeric or tetrameric structures (homomeric or heteromeric), with each 
monomer having the same basic topology (intracellular N-terminal and C-ter- 
minal domains, two membrane-spanning domains (TM1-TM2), and a large 
extracellular loop) [138] (Fig. 2). 



Ca 2+ permeability 

No ligand-gated ion channel is a Ca 2+ channel in the strictest sense because 
they do not conduct Ca 2+ selectively: the relative permeability of Ca 2+ versus 
Na + varies from -0 to -20 and the fraction of current carried by Ca 2+ under 
physiological conditions ranges from -0% to -12% [70]. GABA a , GABA c , 
and glycine receptors are chloride-selective ion channels [94]. P2X, NMDA, 
and 5-HT 3 receptors are non-selective Ca 2+ -permeable cation channels 
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although Ca 2+ can as well, in some cases, inactivate 5-HT 3 receptors [262, 265, 
513]. The permeability of acetylcholine, AMPA and kainate receptors depends 
on the subunit composition of the channels: 1) the Ca 2+ permeability of acetyl- 
choline receptors is low in skeletal muscle and high in neurons [233]; 2) the 
Ca 2+ permeability of AMPA receptors is high when composed of GluRl and/or 
GluR3 subunits but is nil in the presence of a GluR2 subunit [314]; 3) the 
GluR5 and GluR6 subunits of kainate receptors can be edited at the mRNA 
levels from GluR5(Q) or GluR6(Q) into GluR5(R) or GluR6(R), leading to 
reduced Ca 2+ permeability and other significant biophysical changes [46, 103]. 



Physiological roles 

The roles of ligand-gated ion channels are varied. Acetylcholine, 5-HT 3 , glu- 
tamate, and ATP receptors are excitatory because their opening depolarizes 
cells and tends to increase cytoplasmic [Ca 2+ ]. GABA a , GABA c , and glycine 
receptors are generally inhibitory neurotransmitter receptors, since in most 
cells, opening of chloride channels results in hyperpolarization and/or stabi- 
lization of the membrane potential away from the threshold for firing action 
potentials [262]. Since GABA and glycine receptors are not conducting Ca 2+ , 
they will not be discussed further in this book. 

5-HT 3 receptors 

5-HT 3 receptors are present exclusively on peripheral and central neurons. 
Remarkably, complete blockade of 5-HT 3 receptors in normal animals or 
humans seems to produce no particular CNS effects. However, under defined 
pathological conditions, blockade of 5-HT 3 receptor has very pronounced 
effects. 

Emesis: Probably the clearest role of 5-HT 3 receptors is in the initiation of 
emesis (chemotherapy-induced, irradiation-induced, or post-operative) and 
5-HT 3 receptor antagonists are remarkably active and safe drugs for these indi- 
cations. The localization of 5-HT 3 receptors in the dorsal vagal complex is 
consistent with such a role. It was shown that chemotherapy agents (e.g., cis- 
platin) induce massive release of 5-HT from the enterochromaffin cells of the 
intestinal mucosa, which stimulates 5-HT 3 receptors on vagal afferents, as well 
as, more hypothetically, increases the release of 5-HT from neurons of the area 
postrema and the so-called “emetic center”. The synergistic action of central 
and vagal afferents triggers the emetic reflex. 

Anxiety: Clinical data on anxiolytic activity of 5-HT 3 receptor antagonists 
are more controversial: positive and negative results have been reported from 
clinical studies in anxiety disorders. Generally, 5-HT 3 receptor antagonists 
may exhibit a delayed (by days) action on relatively low levels of anxiety. The 
presence of 5-HT 3 receptors in cortical and limbic region is supportive for a 
possible role of 5-HT 3 receptors in ‘emotional’ behavior, but animal data tends 
to indicate a lack of psychotropic activity of 5-HT 3 receptor antagonists. 




Calcium channel blockers and calcium channels 



15 



Other: Additional potential roles for 5-HT 3 receptors include some partici- 
pation in cognition, psychosis, fibromyalgia and nociception (particularly in the 
GI tract), migraine, and moderate drug dependence. For more in-depth reviews, 
the reader is referred to recent articles [35, 47, 162, 369, 464, 513, 545]. 

Glutamate receptors 

Fifteen different subunits assemble in heteromultimeric complexes to form the 
various glutamate ionotropic receptors: GluRl-GluR4 form AMPA-type 
receptors; GluR5-GluR7 and KA1-KA2 form kainate-type receptors; and 
NR1, NR2A-NR2D and NR3 form NMDA-type receptors. In addition, splice 
variants have been described for many of these subunits. As with other multi- 
subunit channels, the subunit composition of the final protein defines its elec- 
trophy siological and pharmacological properties. The NMDA-type glutamate 
receptors are unique among ligand-gated ion channels because their opening 
actually requires the simultaneous presence of two agonists: glutamate and 
glycine. The NR1 subunits contain the glycine-binding site and the NR2 sub- 
units contain the glutamate-binding site; the third subunit NR3 may be associ- 
ated with NR1/NR2 channels to play a regulatory role. Because glycine is 
thought to be present at near-saturating concentrations in the synaptic cleft, its 
role in NMDA-receptor function is not understood and glutamate appears to be 
the physiological ligand. 

In the mammalian brain, the glutamate receptors (NMDA, AMPA and pos- 
sibly kainate) play a critical role in the induction of use-dependent plasticity 
(long-term potentiation or LTP). Glutamate-evoked post-synaptic potentials 
are composed of a fast component, mediated mostly by AMPA and possibly 
kainate receptors, and a slow component, mediated by NMDA receptors. At 
the resting membrane potential, extracellular Mg 2+ blocks NMDA receptors, 
such that LTP induction (mediated by the long-lasting Ca 2+ entry through 
NMDA receptors) requires simultaneously the release of glutamate to open the 
NMDA receptors and a depolarization (due to activation of either AMPA or 
kainate receptors or other transmitter- or voltage-operated ion channels) to 
unblock them [262]. The resulting Ca 2+ influx activates protein kinases and 
phosphatases, which can trigger long-lasting functional changes, including a 
sustained enhancement of neurotransmission efficacy. Unfortunately, overac- 
tivity of glutamate receptors can also cause “excitotoxicity” and neuronal cell 
death, which could be involved in ischaemic stroke, epilepsy, or neurodegen- 
erative disorders. Conversely, the underexcitation of NMDA receptors within 
the brain could produce specific forms of memory dysfunction, up to psy- 
chosis and dissociation. 

Glutamate receptors are also implicated in the pathophysiology of alco- 
holism (ethanol blocks NMDA-type receptors [8], which may affect memory), 
opioid tolerance, and neuropathic pain. Although the physiological roles of 
kainate receptors are not well understood, AMPA and/or kainate receptors 
might contribute to pathogenesis of Alzheimer’s disease and amyotrophic lat- 
eral sclerosis. In-depth evaluations of the molecular biology, electrophysiolo- 
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gy, pharmacology, physiology, and pathology of glutamate receptors can be 
found in recent reviews [41, 46, 103, 116, 130, 169, 171, 261, 262, 270, 298, 
314, 356, 375, 428, 532, 548]. 

Nicotinic receptors 

Nicotinic receptors (nAChRs) are key molecules in cholinergic transmission at 
the neuromuscular junction of striated muscles, at the synapse in the auto- 
nomic peripheral ganglia, and in several brain areas. Historically, the ‘nicotinic 
receptive substance’ in the neuromuscular junction was the first receptor to be 
recognized, named, studied electrophysiologically, and characterized bio- 
chemically. In addition, the structure of the muscle nAChR has been resolved 
at 4.6 A [1 13], helping to derive a remarkable understanding of the molecular 
basis of its function. Genetically-manipulated mice have provided model sys- 
tems to determine the molecular basis for many pharmacological actions of 
nAChR agonists and the role of nAChR subunits in various disease states [93, 
394]. 

nAChRs are homo- or hetero-pentamers of homologous subunits and vari- 
ous subunit combinations can produce many different nAChR subtypes. These 
subtypes can be grouped into three general functional classes: muscle subunits 
(a b Pj, y, 8 , e) that combine in c^a^yS (adult) or aja^Se (embryonic); 
standard neuronal subunits (a 2 -a 6 and P 2 -P 4 ) that form nAChRs in aP com- 
binations; and other subunits (a 7 -a 10 ) capable of forming homomeric 
nAChRs (OC7-OC9) or oca combinations (a 9 -a 10 ). A formal nomenclature for 
nAChRs has been proposed [295]. 

Na + and K + carry most of the nAChR current and neuromuscular junction 
nAChRs have a low Ca 2+ permeability; however, neuronal nAChRs present a 
fairly large Ca 2+ permeability. A major difference between Ca 2+ entry through 
nAChRs and through VOCs or NMDA receptors is that the former does not 
require membrane depolarization [233]. 

It is well-known that ACh and nAChRs are responsible for neuromuscular 
transmission, where activation of muscle nAChRs provokes the depolarization 
of the myocytes leading to the activation of dihydropyridine receptors and the 
release of intracellular Ca 2+ . In addition, because acetylcholine (ACh) is the 
principal mediator of synaptic transmission in autonomic ganglia, ACh and 
nAChRs play a major role in cardiovascular homeostasis through the regula- 
tion of the activity of smooth muscle, heart muscle, and exocrine glands [167]. 
Furthermore, a role of nAChRs in the central control of cardiovascular func- 
tion has also been demonstrated [159, 443]. 

The role of nAChRs in the CNS is not well understood. Nicotine can mod- 
ify behavior, enhance learning, memorization, and vigilance, reduce pain per- 
ception and cause dependence, but the mechanisms remain unclear. Many 
electrophysiological and pharmacological studies demonstrate that nAChR 
stimulation results predominantly in the presynaptic facilitation of the release 
of all major neurotransmitters, such as glutamate, GABA, norepinephrine, 
dopamine, or 5-HT. This occurs following Ca 2+ entry either directly through 
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the nicotinic channels or indirectly through voltage-operated Ca 2+ channels. 
Nevertheless, nAChR activation also produces direct excitatory post-synaptic 
effects. Although this represents a minor component of the excitatory input, 
which is overwhelmingly glutamatergic, the broad distribution of cholinergic 
projections could influence the excitability of wide neuronal circuits. In addi- 
tion, some nAChR subtypes play a role in synaptic plasticity and development 
[93, 483]. Among the suggested roles of nAChRs, we can cite: 

Neurodegeneration: Epidemiological studies show that tobacco smokers 
have a reduced incidence of neurodegenerative diseases like Alzheimer’s and 
Parkinson’s diseases. Furthermore, the brain tissue of elderly persons demon- 
strates a consistent loss of nAChRs, which is increased in Alzheimer’s disease 
[362, 388]; this loss is likely to contribute to the overall cognitive deficits asso- 
ciated with aging and Alzheimer’s disease [119, 388]. Clinical studies have 
shown that acute administration of nAChR agonists to Alzheimer’s disease 
patients improves recall but longer clinical trials have failed to show a chron- 
ic effect. Agonists of nAChR are also efficacious in animal models of 
Parkinson’s disease where they provide symptomatic relief and decreases in 
neuronal degeneration. 

Nociception: The alkaloid epibatidine, acting via nAChRs, is 200 times 
more potent than morphine as an analgesic but is toxic probably because of its 
lack of selectivity among nAChRs. The modulation of the activity of multiple 
neurotransmitter systems appears to be involved in the analgesic effects of 
nAChR agonists. Many anesthetic agents inhibit nAChRs and this interaction 
alters critical brain and ganglionic functions in vivo. Although nAChRs do not 
appear to participate directly in the hypnotic component of anesthesia, they 
contribute to the analgesia produced by some anesthetic agents [496]. 

Schizophrenia and depression: Most schizophrenics and many depressives 
are heavy smokers and tobacco withdrawal results in an exacerbation of the 
schizophrenic or depressive symptoms. Thus, smoking is viewed as self-med- 
ication using nicotine as a therapeutic agent. Nicotine like many antidepressant 
drugs enhances the release of norepinephrine, dopamine, and serotonin. 

Epilepsy: High doses of nicotine can be pro-convulsant and a specific 
epilepsy syndrome (autosomal dominant nocturnal frontal lobe epilepsy) is 
associated with mutations in the a 4 nAChR subunit [344, 483]. 

Cognitive dysfunction and attention disorders: Nicotine use is associated 
with an improvement in cognitive performance, possibly because activation of 
nAChRs enhances the release of neurotransmitters involved in focus, attention, 
execution, learning, and memory. Attention deficit hyperactivity disorder 
(ADHD) is a fairly common psychiatric disorder. It is a significant risk factor 
for early cigarette smoking in children and patches of nicotine or a nicotinic 
agonist (ABT-418) produce significant improvements in adults with ADHD. 
These lines of evidence suggest that the nicotinic system is important in 
ADHD. 

Tourette’s syndrome: This syndrome is characterized by uncontrolled 
obsessive behavior and spontaneous motor and verbal tics. Nicotine potenti- 
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ates the efficacy of the neuroleptic haloperidol in animals and clinical trials 
have shown that it can ameliorate the symptoms of Tourette’s syndrome. 

Vestibular function: a 9 nAChR subunits are uniquely found in cochlear 
outer hair cells and a 9 knockout mice present with abnormal vestibular func- 
tion. 

Gastric disorders : Smoking reduces the risk for ulcerative colitis and nico- 
tine patches are efficacious in active disease. This effect is limited in duration 
and its mechanism is not understood [290]. 

Two more groups of tissues express functional nAChRs similar to those 
found in neurons. In the “surface organs”, including epithelial cells (in partic- 
ular bronchial), skin keratinocytes, and endothelial cells (in particular arterial), 
nAChRs may modulate cell shape and motility, as well as cell proliferation and 
differentiation. It is thus possible that ACh and nAChRs may have a “local 
endocrine” role, permitting fast adaptation to new conditions. Finally, nAChRs 
are also found in the thymus and in lymphocytes; it has been proposed that 
immune function could be under the control of a non-neuronal lymphocytic 
cholinergic system [248]. 

The very complex roles of nAChRs in the function of the nervous system 
have been discussed in recent reviews [93, 112, 119, 159, 167, 233, 244, 376, 
394, 443, 483, 496]. Furthermore, the August 2002 issue of “Current Drug 
Targets — CNS and Neurological Disorders” is entirely dedicated to nAChRs 
and covers most of the above-mentioned aspects. 

P2X receptors 

Like the other LGCs, P2X receptors are built as homo- or hetero-multimers of 
homologous subunits. Seven different subunits have been cloned and the num- 
ber of subunits per channel, although not firmly established, is believed to be 
three or four. Expressed P2X!-P2X 4 and P2X 7 subunits can form homomulti- 
meric channels in oocytes or in mammalian cell lines; in contrast, recombinant 
P2X 5 subunits produce only small currents and no current has been recorded 
through homomultimeric P2X 6 subunits. However, all subunits except P2X 7 
can form functional recombinant heteromultimeric receptors and it is clear that 
many of the naturally occurring P2X receptors are heteromultimers. 
Nonetheless, there appears to be specificity in the possible associations 
between subunits since only 11 distinct heteromultimeric assemblies have 
been demonstrated. Finally, the different P2X subunits are widely but specifi- 
cally distributed in tissues: P2X! mRNA is expressed predominantly in smooth 
muscle, P2X 4 and P2X 6 mostly in brain, P2X 3 only in sensory neurons, and 
P2X 7 mostly in the immune system as well as in retina and cochlea. 

Nociception: P2X-mediated ATP signaling plays a critical role in nocicep- 
tion in various tissues. Millimolar ATP is present in most cells and large quan- 
tities of ATP may leave the intracellular space following tissue trauma, tumor, 
inflammation, nerve injury, and vascular or visceral distension. The conse- 
quent activation of P2X receptors on sensory afferents is thought to initiate the 
intense pain sensation occurring under these conditions: indeed, transdermal 
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ATP causes perceptible pain in humans. This view is further supported by the 
observations that ATP receptors of subtypes P2 Xj-P 2X 6 are present in neural 
structures involved in nociception and that ATP selectively excites sensory 
afferents, including mesenteric and vagal afferents, afferents in the pelvic, 
sinus, and lingual nerves, and nociceptors in the knee. In particular, P2X 3 sub- 
types are selectively expressed by nociceptive sensory neurons in dorsal root 
ganglia and the abnormal physiology of P2X 3 -knockout mice has confirmed 
that P2X 3 -mediated ATP signaling contributes to pain in vivo [110]. In addi- 
tion, P2X 7 receptors are present on immune cells, where they may play a role 
in pain perception by mediating cytokine release. Indeed, P2X 7 -deficient mice 
do not release interleukin- 1 from inflammatory cells upon ATP injection [459]. 

Gastro -intestinal reflex: Functional P2X receptors are present on the nerve 
endings of afferent fibers in the pelvic nerve in the rat and mouse urinary blad- 
der, where they may play a role in mediating the fullness feeling in response 
to tissue stretch. Indeed, P2X 3 -knockout mice have a decreased urine voiding 
frequency and an increased bladder capacity [110]. Whether this may take 
place in other species, including humans, is not known. 

ATP-mediated synaptic transmission and presynaptic modulation: P2X 
receptors are found in almost all sympathetic and parasympathetic ganglia and 
ATP is released from pre-ganglionic nerve fibers: this suggests that ATP may 
be a ganglionic neurotransmitter. There is also increasing evidence for ATP- 
mediated synaptic transmission in the central nervous system. In parallel, 
presynaptic P2X receptors, like other ligand-gated ion channels, appear to pro- 
duce a range of effects on synaptic transmission, including facilitation and/or 
inhibition. Interestingly, P2X receptors could, in addition to their role in initi- 
ating the pain sensation, participate in the processing of nociceptive stimuli in 
the spinal cord since ATP released from the terminals of primary afferents may 
act at presynaptic and/or post-synaptic P2X receptors. 

Autonomic neuromuscular transmission: At the neuromuscular junction 
between sympathetic nerves and the smooth muscle of the guinea-pig vas def- 
erens, ATP acts as a co-transmitter with noradrenaline. ATP, acting on P2Xj 
receptors, produces a depolarization of the smooth muscle leading to action 
potentials and a rapid phasic contraction [455]. In contrast, noradrenaline 
mediates a slow tonic contraction independent of membrane depolarization. 
The importance of ATP-mediated contraction was confirmed in P2Xj -knock- 
out mice, for which contraction of the vas deferens in response to sympathet- 
ic nerve stimulation is substantially reduced [345]. A similar ATP-dependent 
mechanism is found in urogenital, gastrointestinal, and vascular smooth mus- 
cle, where a rapid ATP-mediated response is followed by a slow response 
mediated by another transmitter, such as noradrenaline, acetylcholine, nitric 
oxide, or a neuropeptide. In gastrointestinal and vascular smooth muscle, an 
additional hyperpolarization is often observed, which is probably mediated by 
ATP acting on endothelial P2Y receptors [408]. 

Heart: Little is known regarding P2X-mediated signaling in cardiomy- 
ocytes [517]. P2Xj immunoreactivity is observed at the intercalated disk in rat 
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cardiac tissues; P2X b P2X 2 and P2X 4 transcripts are found in rat atria and 
P2X 4 transcript is found in ventricle; and P2X 5 was cloned in rat heart. 
Contrary to the rat, P2X 3 transcripts are found in human fetal and adult heart 
(although it cannot be excluded that transcripts are located in primary sensory 
afferents innervating these structures). In addition, the levels of P2X i transcript 
are increased -three-fold in rats with congestive heart failure. However, 
assuming these P2X mRNAs are translated, the role of the P2X receptors is 
unknown. An extracellular ATP-activated current is found in cardiac cells (frog 
and mammalian atrial cells including human and mammalian ventricular cells) 
but its properties are somewhat different from currents recorded through 
expressed P2X receptors. 

Other roles: In humans, a dominant negative mutation of P2X! gene leads 
to a severe bleeding disorder due to an impairment of ADP-induced platelet 
aggregation [371]. In vascular endothelium, shear stress leads to the release of 
ATP into the blood flow and P2X 4 is expressed in vascular endothelium, where 
it may be involved in shear stress-mediated Ca 2+ influx [554, 555]. 

ATP exocytosis and release: ATP can be released by exocytosis like other 
neurotransmitters, but it can also leak out during cell damage. The existence of 
an ATP channel has been suggested to enable intracellular ATP to cross the cell 
membrane, similar to the mitochondrial voltage-dependent anion channel and 
the Cl channel in cardiac sarcoplasmic reticulum [517]. 

Many review articles can be consulted that cover the properties and func- 
tions of P2X receptors [71, 104, 138, 251, 272, 296, 363, 365, 455, 517]. 



Receptor-activated Ca 2+ channels (RAC) 

Like ligand-gated ion channels, receptor- activated ion channels open follow- 
ing the binding of an agonist to its receptor; however, in the case of receptor- 
activated ion channels, the receptor protein is different from the channel pro- 
tein. Since receptor and channel are distinct proteins, there must exist some 
transduction mechanism (intracellular messenger, G-protein, depletion of 
intracellular stores etc.) that connects receptor activation to channel opening. 
Although the term receptor- activated Ca 2+ channel (RAC) presumes that a 
channel selectively conducts Ca 2+ , this name is often used as well for non- 
selective cation channels that, under physiological conditions, admit predomi- 
nantly Na + but also sufficient Ca 2+ to raise cytoplasmic [Ca 2+ ] significantly. 
Our understanding of the RACs remains very sketchy, in large part because 
there seems to exist a large number of RAC subtypes and each cell type 
appears to possess several of these, with different function, mechanism of acti- 
vation, electrophysiological properties, and structure. For in-depth reviews of 
receptor-activated Ca 2+ channels, the reader is referred to many excellent 
recent articles [142, 220, 286, 405, 571]. 
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Store-operated Ca 2+ channels (SOC) andI CRAC 
Properties 

These types of RACs have been characterized in the most detail: they are 
defined as plasma-membrane Ca 2+ channels that open in response to a Ca 2+ 
concentration decrease inside the endoplasmic reticulum (ER). 
Physiologically, this concentration decrease is generally the consequence of 
the sequence (Fig. 3): 1) agonist binding to a cell-surface G-protein-coupled or 
tyrosine-kinase-coupled receptor; 2) activation of phospholipase C; 3) genera- 
tion of inositol- 1, 4, 5-trisphophate (IP 3 ) and diacylglycerol (DAG) from plas- 
ma membrane phosphoinositides; 4) activation of Ca 2+ -permeable IP 3 -receptor 
channels (IP 3 Rs) in the ER membrane. However, the decrease can also be 
induced by pharmacological agents such as thapsigargin, which inhibits the 
uptake of Ca 2+ in the ER [498], or EGTA, which lowers cytoplasmic [Ca 2+ ] 
below the level required for uptake into the ER. Historically, two other major 
names have been used to describe these channels or the associated Ca entry: 
“capacitative Ca 2+ influx” because Ca 2+ entry follows changes in the Ca 2+ load 
in the intracellular stores and “Ca 2+ -release-activated current” (Icrac)- 

The first convincing evidence of Ca 2+ entry following store depletion came 
in the early 1980s using Ca 2+ - sensitive fluorescent dyes [404] but the first 
detailed electrophysiological characterization of a Ca 2+ current associated with 
store depletion (Icrac) was on ly published in 1992 using mast cells [224]. 
Icrac was shown to be of very small whole-cell amplitude, to be > 1,000-fold 
selective for Ca 2+ over monovalent cations, and to occur through channels with 




Figure 3. Mechanisms of store-operated Ca 2+ entry. 
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extremely low single-channel conductance. The next year, noise analysis of 
I C rac in lymphocytes predicted a single-channel Ca 2+ conductance of ~24 fS 
[574]; this is > two orders of magnitude below other cation channels and unde- 
tectable with the present single-channel recording methodology. However, in 
the absence of extracellular Ca 2+ , single-channel Na + currents can be measured 
through Icrac yielding a single-channel Na + conductance of ~40 pS [250]. 
Based on this data and the Ca 2+ /Na + selectivity of the channels, these authors 
calculated a revised single-channel Ca 2+ conductance of 1.6 pS. This value is 
in good agreement with other measurements of ~ 1 pS in mouse macrophages 
and ~3 pS in mouse and rabbit aortic smooth muscle cells. Finally, it is worth 
noting that, because store-operated Ca 2+ currents are technically so difficult to 
measure, a role for SOCs as the most common pathway of store-operated Ca 2+ 
entry remains an unproven assumption for many cell types. 

Mechanism of activation 

There is also no clear understanding of the mechanism(s) underlying the trans- 
duction of the filling status of the ER to the opening of the Ca 2+ entry mecha- 
nism (e.g., the SOC). Different groups have proposed three major possibilities. 

Diffusible messenger: The first possible mechanism is that store depletion 
releases a molecule calcium influx factor (CIF) or that diffuses to the plasma 
membrane and activates Icrac* Evidence for such a model comes primarily 
from two forms of experiments: 1) extracellular application or intracellular 
injection of extracts of activated cells can induce Ca 2+ entry in naive cells [414, 
503]; and 2) membrane patches of activated cells lose the induced Ca 2+ current 
when they are excised from a cell and regain it when they are pushed back into 
the cell [374]. Nevertheless, in addition to the fact that purification of CIF 
remains unsuccessful after almost 10 years, there are two problems with the 
CIF data: 1) contrary to the expectation for a second messenger molecule, CIF 
appears to be relatively stable when injected into oocytes; and 2) the channels 
activated by CIF in oocytes have different lanthanum sensitivity compared to 
the endogenous store-operated channels. 

Exocytosis: A second possible mechanism involves the depletion- activated 
insertion into the plasma membrane of the SOC itself or of an activator. 
Evidence for this model comes primarily from the observation that inhibitors 
of secretion or cytoskeleton disruptors can prevent the activation of I CRA c [152, 
377, 558]. However, there are also problems with the exocytosis data: 1) not 
all secretion inhibitors are able to prevent Icrac activation nor is one cytoskele- 
ton disruptor able to prevent Icrac activation in all cells [142]; 2) exocytosis is 
generally thought to be Ca 2+ dependent whereas store-operated entry is high- 
ly activated when cytoplasmic [Ca 2+ ] is strongly buffered to low levels; 3) 
store-operated channels can be activated in membrane patches [58, 572] sug- 
gesting that the channels are already present in the cell membrane; and 4) this 
model essentially adds an additional step (exocytosis) between store depletion 
and membrane Ca 2+ current but does not explain how store depletion and exo- 
cytosis are linked (direct coupling or a diffusible messenger remain possible). 
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Conformational coupling: The third alternative mechanism may have the 
most support at present and involves a direct protein-protein interaction 
between an ER protein and the SOCs. This model was originally proposed in 
analogy to striated muscle cells where Ca 2+ channels mediate Ca 2+ release by 
means of protein-protein interaction of the channels with the calcium stores 
[231]. In non-excitable cells, the Ca 2+ content in the ER would alter the con- 
figuration of one or more proteins within the store membrane; in turn, these 
proteins would directly interact with the Ca 2+ channel in the plasma membrane 
to control its gating. In most cases, the IP 3 receptor (IP 3 R) is suggested as the 
coupling protein [36]. The best evidence for this model is fairly recent and 
comes from studies using cloning and expression of a family of proteins (TRP, 
see below) that are candidates for components of store-operated Ca 2+ chan- 
nels. There is general agreement that TRPC3 (and possibly TRPC6 and 
TRPC7) can be activated in an IP 3 - and IP 3 R-dependent manner and, although 
its identity as a SOC component is not established, TRP3 has been used as a 
model for elucidating the gating of SOCs. In particular: 1) TRPC3 expression 
is associated with up-regulation of IP 3 Rs in HEK293 cells; 2) in freshly- 
excised inside-out patches, IP 3 increases TRPC3 channel activity while antag- 
onists of IP 3 Rs almost completely inhibit it; 3) in extensively-washed patches 
that do not respond to IP 3 , IP 3 R-containing microsomes stimulate TRPC3 
channel activity in the presence of IP 3 [254]. A similar dependence of endoge- 
nous SOCs on IP 3 and its receptor has been shown in A431 cells [572]. These 
results strongly support an interaction between SOCs and IP 3 receptors as a 
major mechanism of channel activation. Consistent with this conclusion is the 
observation that expressed TRPC3 can co-precipitate with IP 3 Rs [53, 253]. A 
missing stone in this demonstration is the fact that physical juxtaposition of 
SOCs and IP 3 Rs has not been demonstrated, contrary to the microscopic evi- 
dence of contacts (“feet”) between ryanodine receptors and dihydropyridine 
receptors in skeletal muscle. A missing link could be myosin, which was 
recently suggested to be involved in SOC opening and/or closing and could 
couple somewhat distant SOCs and IP 3 Rs [21]. 

Some issues still remain with the conformational coupling model, mainly 
the fact that, in a cell line from which all IP 3 receptor types were eliminated, 
Ca 2+ entry responses are lost to intracellular application of IP 3 and to agonists 
coupled to phospholipase C but not to thapsigargin [62, 482]. It is also worth 
noting again that the role of TRP3 as a SOC component is not firmly estab- 
lished such that extrapolating TRP3 data to CRAC channels remains specula- 
tive. In particular, TRP3, like most other members of the TRP family, has 
much lower Ca 2+ selectivity than usually reported for I CRAC . 

Molecular biology 

The best current candidates for SOC genes are mammalian homologues of the 
Drosophila trp gene (“trp” stands for “transient receptor potential”). Initially, 
interest focused on this gene family because TRP has structural homologies 
with voltage-operated Ca 2+ channels [393] and its expression leads to enhanced 
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Ca 2+ influx after stimulation with thapsigargin [389, 511]. At present, TRP 
channels represent a large family (20 genes) of non-selective cationic channels, 
which can be divided in three main families based on sequence homology: 
TRPC (also “short TRP”), TRPV (also OTRPC) and TRPM (also “long TRP”) 
[109, 338, 339, 520]. Like voltage-operated Ca 2+ channels, TRP channels 
belong to the superfamily of 6-transmembrane- spanning- segment cation chan- 
nels but, like voltage-operated K + channels, they require the homomultimeric 
or heteromultimeric assembly of four gene products from the same family to 
produce a functional channel. Activation of TRP channels can occur through 
various mechanisms (Tab. 1) and it will raise cytoplasmic [Ca 2+ ], despite the 
lack of Ca 2+ -selectivity of the channels. In particular, TRPC channels are acti- 
vated through the Receptor/G-protein/Phospholipase cascade, although this 
can occur at different steps of the cascade, sometimes but not necessarily 
requiring depletion of the intracellular Ca 2+ stores. On the other hand, TRPV 
and TRPM channels are activated by an extreme variety of stimuli. 

Remarkably, a large number of mammalian TRP channels appear to be 
SOCs. Some may be directly coupled to Ca 2+ stores via interactions with the 
IP 3 receptor [53] and, in the case of TRPC3, may also be activated through 
interaction with the ryanodine receptor. For many, the mechanism of activation 
remains undefined. The search for a Ca 2+ -selective TRP channel to represent 
the molecular basis of Icrac has recently focused on two members of the 
TRPV family (TRPV5 and TRPV6): these channels display Ca 2+ - selective 
permeation [519, 562] and the TRPV6 current possesses some [562] but not all 
key features of Icrac [522]. It is also possible that Icrac represents current(s) 



Table 1 . Mechanisms of activation of TRP channels 



Family 


Channel name (alias) 


Regulation 


TRPC 


TRPC1 


Receptor-G protein-PLC, store depletion 


(or STRPC) 


TRPC2 


Store depletion 




TRPC3 


IP 3 /CaM 




TRPC4 


Receptor-G protein-PLC, store depletion 




TRPC5 


Receptor-G protein-PLC, store depletion 




TRPC6 


Diacylglycerol 




TRPC7 


Diacylglycerol 


TRPC 


TRPV1 (VR1) 


Heat, capsaicin 


(or OTRPC) 


TRPV2 (VRL1) 


Heat, growth factor 




TRPV4 


Osmolarity 




TRPV5 (CaT2) 


Low cytoplasmic [Ca 2+ ] 




TRPV6 (CaTl, ECaC) 


Low cytoplasmic [Ca 2+ ], store depletion 


TRPC 


TRPM1 (melanostatin) 




(or LTRPC) 


TRPM2 (TRPC7) 

TRPM3 

TRPM4 

TRPM5 (MTR1) 
TRPM6 


ADP-ribose 




TRPM7 (TRP-PLIK) 


Endo-channel kinase 




TRPM8 (Trp-p8, CMR1) 


Cold, menthol 
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through heteromultimers of TRP channels, with or without TRPV5/6: most 
combinations have never been evaluated. Conversely, heteromultimerization of 
exogenously with endogenously expressed TRP channels may prevent the for- 
mation of the “right” channel responsible for I CRAC . Consistent with this idea, 
bovine adrenal cortical cells express TRP4 protein abundantly and possess 
Icrac : both are down-regulated in parallel upon transfection with TRP4 anti- 
sense cDNA [392]. Yet, TRPC4 is probably not essential for Icrac everywhere 
since it is little or not expressed in other cells (Jurkat lymphocytes and RBL 
cells) that exhibit much higher I C rac than adrenal cells. Indeed, in salivary 
gland cells, TRPC1 -antisense but not TRPC4-antisense nucleotides inhibit the 
appearance of and I CRAC -like current [288]. And one should always keep in 
mind that TRPC1 and TRPC4 are not Ca 2+ -selective in expression systems. 

In summary, the molecular entity or entities responsible for Icrac remains 
the subject of heated debate. It seems somewhat likely that different proteins 
and/or combinations of proteins are responsible for Icrac in different cells. 



Other RACs 

Until recently, investigations of Ca 2+ entry in non-excitable cells had focused 
almost exclusively on store-operated Ca 2+ entry. Yet it is still possible that 
capacitative Ca 2+ entry may not represent the most critical route for agonist- 
activated Ca 2+ entry since several types of Ca 2+ -permeable cation channels have 
been described that are not directly ligand-gated but are nevertheless activated 
after agonist binding to a receptor, independently of any action on Ca 2+ stores 
(reviewed in [20]). Interest in non-capacitative Ca 2+ entry has revived recently 
following the observation that TRP channels in heterologous expression sys- 
tems are often activated upon agonist application or diacylglycerol addition 
without requiring store depletion (reviewed in [220]). Unfortunately, little 
information is presently available on the role of TRP channels in native tissues. 

Generally, non- store-operated RACs appear to be activated by one of the 
messengers of the IP 3 signal transduction cascade such as IP 3 , inositol 1, 3,4,5- 
tetrakisphosphate (IP 4 ), Ca 2+ , G proteins, diacylglycerol (DAG), protein kinase 
C (PKC), or arachidonic acid (AA). At present, the best-described non- store- 
operated RAC may be the AA-dependent muscarinic receptor-activated Ca 2+ 
entry pathway demonstrated in avian nasal gland and HEK293 cells 
[446-449]. The corresponding Ca 2+ current, named I ARC (for arachidonate- 
regulated Ca 2+ current), has been described [316] and I ARC and Icrac were 
shown to be reciprocally regulated in HEK293 cells [317]. It is quite possible 
that such a mechanism might co-exist with SOCs in many cell types and may 
even predominate under physiological conditions. Recently, AA was shown to 
activate Drosophila TRP and TRPL channels [108], suggesting that a mam- 
malian TRP channel may sustain I ARC . 

Quite often, the activation of a given cell-surface receptor leads to the open- 
ing of multiple RACs as well as other Ca 2+ channels. For example, in smooth 
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muscle cells, a 1A -adrenergic agonists induce the opening of SOCs through 
depletion of the endoplasmic reticulum, of non- selective RACs through the 
combined actions of increased cytoplasmic [Ca 2+ ] and a G-protein, and of 
VOCs (L-type and possibly T-type) through a G-protein — » phospholipase — > 
diacylglycerol — » protein kinase C cascade [297]. Similarly, vasopressin 
sequentially stimulates Ca 2+ inflow in A7r5 smooth muscle cells through non- 
selective RACs followed by SOCs [73, 335]. The store-independent Ca 2+ entry 
component appears to be AA-activated [63] and may be mediated by TRPC6 
channels [242]. 

In summary, the RACs are the most poorly understood of the plasma-mem- 
brane Ca 2+ channels, in large part because there is a large number of RAC sub- 
types and a given cell may possess several of these subtypes. However, the tis- 
sue distribution of the RAC subtypes appears to be more specific than for 
SOCs: this should allow for a variety of different functions with specific pat- 
terns of Ca 2+ increase. 



Voltage-operated Ca 2+ channels (VOC) 

Voltage-operated Ca 2+ channels, which are the focus of this book, are respon- 
sible for mediating Ca 2+ influx in response to membrane depolarization in neu- 
rons and other cell types. Ca 2+ entry through these channels serves to regulate 
intracellular processes such as contraction, secretion, neurotransmission, and 
gene expression in response to action potentials and other membrane potential 
changes. Although all VOCs are activated by a conformational modification of 
protein structure induced by a change in membrane potential, these channels 
can vary considerably in their electrophysiological properties such as voltage- 
dependencies, activation/inactivation kinetics, sensitivity to extracellular and 
intracellular ligands, ion selectivity, and single channel properties. 
Historically, the characterization of voltage-operated Ca 2+ channels has pro- 
gressed on two separate fronts: the electrophysiological and pharmacological 
characterization of voltage-operated Ca 2+ channel currents and the biochemi- 
cal and molecular characterization of voltage-operated Ca2+ channel proteins. 
This has led to the emergence of two separate nomenclatures, the correspon- 
dence of which has been difficult to define because many of the features used 
to associate cloned and native Ca 2+ channels depend on many factors, such as 
cellular environment, co-expression of accessory subunits, and modulation by 
second messengers and G-proteins. 

The different electrophysiological and pharmacological properties of native 
VOCs had led to the description of a number of distinct voltage-operated Ca 2+ 
currents, which have been classically classified as L-, N-, T-, P-, Q-, and 
R-types [249, 465-467]. In addition, the existence of many subtypes was also 
quite clear. 

VOCs that have been characterized biochemically are complex proteins 
composed of four or five distinct subunits, which are encoded by multiple 
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genes. They belong to a gene superfamily of transmembrane proteins, which 
also includes voltage-operated K + and Na + channels. Historically, various 
names had been given to the corresponding gene products, giving rise to dis- 
tinct and sometimes confusing nomenclatures. In 1994, a unified nomenclature 
was proposed based on the most widely accepted system at the time: a! sub- 
units were referred to as a ls for the original skeletal muscle isoform and a 1A 
through a 1E for those discovered subsequently [42]. Since then, four new oq 
subunits have been identified, which were named a 1F through a 1T . 

Recently, a new nomenclature/classification of voltage-operated Ca 2+ chan- 
nels has been proposed [146], similar in form to the widely-accepted classifi- 
cation of voltage-operated K + channels [92] as well as the recent classification 
of voltage-operated Na + channels [179]. This new classification (Tab. 2) is 
derived from the degree of sequence homology/similarity between the genes 
coding for the various Ca 2+ channels and it represents an update to, and a rec- 
onciliation of, the classification based on electrophysiological properties and 
drug binding sites and that based on molecular structure. 



Table 2. Nomenclature of voltage-operated Ca 2+ channels 
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Electrophysiological and pharmacological diversity of voltage-operated Ca 2+ 
currents 

Formerly, the most commonly used classification of voltage-operated Ca 2+ 
channels was actually a classification of the currents flowing through these 
channels. It is based on a combination of pharmacological properties and elec- 
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trophysiological characteristics of measured Ca 2+ current or Ca 2+ fluxes. So 
far, this classification recognizes six main categories of voltage-operated Ca 2+ 
currents: L (Long-lasting), T (Transient), N (Neither T nor L, or Neuronal), P 
(Purkinje cells), Q (after P), and R (Remaining, or Resistant, or after Q) 
(Tab. 3). 

L-type Ca 2+ currents 

Most voltage-operated Ca 2+ current data published before multiple channel 
types were recognized refers to L-type Ca 2+ currents. Indeed, these currents 
are the most commonly encountered in various cell types and often represent 
the largest current component in “mixed-channel” situations. Since their initial 
description in the late 1960s [419, 427], L-type Ca 2+ currents have been thor- 
oughly investigated and several reviews are available [1, 23, 76, 88, 89, 209, 
410, 475, 504]. L-type Ca 2+ currents are most often characterized by their: 1) 
high-voltage activation (i.e., the cell membrane voltage must be raised quite a 
bit before the channels open; for this reason they are often called high- voltage- 
activated or HVA Ca 2+ currents); 2) slow inactivation (i.e., the channels remain 
open a long time under maintained depolarization); and 3) block by Ca antag- 
onists such as dihydropyridines (DHPs), phenylalkylamines (PAAs), and ben- 
zothiazepines (BTZs). The high affinity of DHPs for the channels responsible 
for the L-type Ca 2+ currents is a powerful test to differentiate L-type from non- 
L-type Ca 2+ currents. It established the DHPs as the preferred tools for bio- 
chemical work and they were used to purify the channel protein underlying the 
L-type Ca 2+ currents, initially from skeletal muscle, and to determine its sub- 
unit composition and the primary structures of these subunits. Accordingly, the 
channels responsible for the L-type Ca 2+ currents are commonly referred to as 
“dihydropyridine receptors”. 

L-type Ca 2+ currents are widely distributed in neuronal tissue, including glia 
[278], and in non-neuronal tissues, such as cardiac [210, 507], smooth [207, 
468], and skeletal muscle [351, 507], endocrine cells [111, 145, 423, 480], 
oocytes [118], osteoblasts [198], endothelium [51, 52], epithelium [222]. In 
non-neuronal tissues, they generally constitute the primary, and sometimes the 
only, pathway for Ca 2+ entry. In cardiac and smooth muscle cells, L-type Ca 2+ 
currents are responsible for the inward movement of Ca 2+ that initiates con- 
traction. In skeletal muscle, the channel protein underlying the L-type Ca 2+ cur- 
rent also acts as voltage sensor in excitation-contraction-coupling and it direct- 
ly couples to Ca 2+ release channels in the sarcoplasmic reticulum. The func- 
tions of L-type Ca 2+ currents in the nervous system are less well defined but, in 
addition to some minimal participation in the induction of exocytosis, they 
include gene expression [17, 44, 127, 128, 348] and induction of some forms of 
N-methyl-D-aspartate receptor-independent long-term potentiation [239] . 
Consistent with roles in the slow modulation of neuronal function, the L-type 
Ca 2+ currents are mainly found in cell bodies and dendrites [85]. 

Functionally, the L-type Ca 2+ current family encompasses several subfami- 
lies with tissue-specific electrophysiological properties. For example, skeletal 




Table 3. Electrophysiological and pharmacological properties of Ca 2+ currents 



Calcium channel blockers and calcium channels 



29 



O' 



a > 

I E 

H ° 



3 2 



OJ 

03 



• S _ QJ 

-o o -o 

« bi) O 



! > 

a 



£ 

o 



T3 O 4P 

<D 'T W) ft 

S vL 3 > 



> 

6 



o 

£ r- £ 



> 

a 



43 o 

_W) 



> 

S 

o 



43 O 
# W) fO 



6 S 



*§) | 

43 ^ 



bf) >5 



43 .> 



2 <D .. , _ _ 

£ Q U > U Oh 



<3 

PQ 

V 



f W) o S 

- a £ 



O so ^ 



PQ 

<N V 

is >* § 2 u 



S w O' A 
O o o I « 

oo S3 «0 U 



u 



PQ 

V 



CO I 

<D O O 
>, fl (N U 



•2 > « 



43 

.SP ^ O 

43 oo G 



£ 

O 



£ bb w n 
O -3 -S o 



bfl £ 
•3 O 



£ 'W) 



43 5 43 43 43 T3 s^h 43 r— i 

W) .5 bfibX)W)(U^bp'^ 
43 to 43 43 43 a G 43 3 




_ 6 



a 3 



< 

> 

o 



G -13 
cd X) 

“ S3 



H ‘H £ ^ (73 

Q > Q § O PQ 



co-CTx-MVIIC no high no medium high no 

CO-Aga-IIIA high high no high high high 

co-Aga-IVA no/low no/low no high medium no/low 

co-Aga-IVB no no no high high 




30 



E. Ertel and T. Godfraind 



muscle L-type Ca 2+ currents inactivate very slowly, endocrine L-type Ca 2+ cur- 
rents inactivate faster, and cardiac L-type Ca 2+ currents still faster. Atypical 
L-type Ca 2+ currents, which do not belong to these subfamilies, have been 
reported in a variety of preparations including rat dorsal root ganglion neurons 
[161, 164], rat cerebellar granule cells [165], rat embryonic and post-natal hip- 
pocampal neurons [238, 247], and rat adrenal glomerulosa cells [425, 426]. 
These currents are activated at very negative membrane potentials but they are 
also sensitive to DHPs. Whether this novel activity is due to a new kind of 
L-type Ca 2+ channel or to an unusual modulation of the activity of a known 
channel is still debated. These questions illustrate the difficulties encountered 
with a classification based simultaneously on electrophysiology and pharma- 
cology. 

T-type Ca 2+ currents 

T-type Ca 2+ currents were originally described in sensory neurons [78, 79], 
atrial [26] and ventricular [359] myocytes, and pituitary cells [12] (reviewed in 
[148, 149, 227]). T-type Ca 2+ currents are low-voltage-activated (LVA) and 
they are often referred to as transient Ca 2+ currents (because they inactivate 
rapidly) or as slowly-deactivating Ca 2+ currents. T-type Ca 2+ currents are also 
differentiated from other Ca 2+ currents by the smaller unitary conductance of 
the underlying channel and the fact that their inactivation rate is voltage- 
dependent and not Ca-dependent. These currents are less sensitive than L-type 
to classical Ca antagonists and not at all to co-CTx-GVIA: in fact, no specific 
blocker of this current is known. Various pharmacological compounds show 
some selectivity for T-type Ca 2+ currents under defined conditions: mibefradil, 
Ni 2+ , amiloride, ethosuximide, phenytoin, octanol, flunarizine, sipatrigine, SB- 
209712, U-92032 [149, 200, 311, 312, 400]. Many volatile anesthetics also 
block T-type Ca 2+ currents with some selectivity [75, 500, 553]. In addition, 
the scorpion toxin kurtoxin blocks T-type Ca 2+ currents selectively in some 
preparations ([107], but see [450]) and anandamide has been proposed recent- 
ly as a potential endogenous blocker [99]. Finally, the classical dihydropyri- 
dine antagonists are generally able to block T-type in addition to L-type Ca 2+ 
currents with a selectivity ratio ranging from ~2 (oxodipine [174]) to -500 
(nifedipine (473)); the new DHP analog PPK-5 may actually possess selectiv- 
ity for T-type over L-type Ca 2+ currents [271] but this needs to be shown in 
additional preparations. 

Presently, mibefradil may be the most selective small molecule blocking 
T-type Ca 2+ currents. It has 10-30 fold selectivity for T-type over L-type Ca 2+ 
currents in cardiac ([30, 300], but see [402]) and vascular [324] myocytes as 
well as in endocrine cells [425]. Mibefradil is also selective for T-type over 
HVA Ca 2+ currents in some [308, 373] but not all neurons [412, 521]. 

The lack of a highly specific blocker has slowed the elucidation of the func- 
tion of T-type Ca 2+ currents and of the structure of the underlying channel(s). 
The molecular structure of T-type Ca 2+ channels was finally described recent- 
ly (see below), which has considerably sped-up our understanding of the func- 
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tion of T-type Ca 2+ currents. A remarkable variety of physiological roles have 
been proposed for T-type Ca 2+ currents. In the cardiovascular system, these 
roles include a contribution to the control of vascular tone [22, 114, 149], to 
the pacemaker depolarization of cardiac cells [189], and to excitation-contrac- 
tion coupling in the developing heart [256]. In the endocrine system, they 
include the control of the secretion of aldosterone [111, 282, 293], ANP [285, 
534], cortisol [181], and insulin [39, 570]. In the nervous system, they include 
the maintenance [98, 227, 252, 397, 409, 457, 481] or the inhibition [546] of 
repetitive firing in neurons as well as a contribution to the initiation of long- 
term potentiation or depression (LTP/LTD) [431, 528], and to the tolerance 
and dependence to morphine [131]. A further role for T-type Ca 2+ currents has 
been suggested in the capacitation and acrosome reaction of sperm ([18, 235] 
but see [49]). Finally, developmental roles for T-type Ca 2+ currents have been 
proposed based on the correlation between current magnitude or channel 
expression and 1) cell adhesion [176]; 2) growth [97, 269, 551]; 3) differenti- 
ation [34, 186, 216]; 4) cardiac remodeling [150, 151, 226, 432], and 5) onco- 
genic transformation [100, 302]. Indeed, the expression of the various T-type 
Ca 2+ channels is highly regulated during embryogenesis and fetal development 
as well as during the perinatal period [37, 160, 304, 460, 563]. 

N-type Ca 2+ currents 

N-type Ca 2+ currents were originally described in sensory neurons [366] but 
they are widely distributed in the nervous system (reviewed in [86, 89, 166, 
209, 505, 506]). Like L-type Ca 2+ currents, N-type Ca 2+ currents are high-volt- 
age-activated but they inactivate faster than L-type. They are generally identi- 
fied by their pharmacological properties: resistance to DHPs and potent block 
by co-CTx-GVIA and oo-CTx-MVIIA, two toxins from the venoms of the 
marine snails Conus geographicus and Conus magus [357, 368, 415, 537]. 
N-type Ca 2+ currents are exclusively neuronal and they play a major role in 
mediating neurotransmitter release in the CNS [505] and at the neuromuscular 
junction [240, 333]. In particular, they are critical to the transmission of spe- 
cific nociceptive signals [197, 430, 454, 515] and N-type Ca 2+ antagonists can 
be effective analgesics [14, 225, 346]. N-type Ca 2+ channels also play an 
essential role in the cardiovascular regulation function of the sympathetic 
nervous system (positive inotropic response, baroreflex response [342]). At the 
post- synaptic level, N-type Ca 2+ currents may be responsible for associative 
long-term depression in the hippocampus [364]. Finally, increases in cytoplas- 
mic [Ca 2+ ] due to N-type Ca 2+ currents may direct the migration of immature 
neurons [263] and, in parallel to increases due to L-type Ca 2+ currents, it may 
also initiate patterns of gene expression [66]. 

To initiate neurotransmitter release, voltage-operated Ca 2+ currents must 
produce a high transient cytoplasmic [Ca 2+ ] (20-400 pM). Since cytoplasmic 
[Ca 2+ ] decreases very rapidly away from the entry site, such high levels prob- 
ably occur only extremely close to the Ca 2+ channels. Thus, the Ca 2+ sensor 
responsible for initiating neurotransmitter release must remain close to the 
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Ca 2+ channels at all times and an actual physical link is quite likely between 
release mechanism and Ca 2+ channels. A group of proteins (SNARE proteins 
or Soluble N-ethylmaleimide-sensitive factor Attachment protein REceptor), 
including the synaptic vesicle protein VAMP/synaptobrevin and the plasma 
membrane proteins syntaxin and SNAP-25, mediates the membrane docking 
and the fusion of exocytotic vesicles. An additional synaptic vesicle protein, 
synaptotagmin, binds Ca 2+ and interacts with syntaxin in a Ca 2+ -dependent 
manner. Synaptotagmin is generally believed to represent the Ca 2+ sensor for 
neurotransmitter release [38, 85, 86, 332, 499] although the possibility has also 
been suggested that the Ca 2+ channel itself represents the Ca 2+ sensor [15, 16]. 
A direct interaction between the SNARE proteins and a cytoplasmic domain 
of N-type Ca 2+ channels appears fundamental for efficient neurotransmission. 
Interestingly, two widely-expressed N-type Ca 2+ channels variants lack this 
interaction site, which suggests that they may have physiological roles distinct 
from neurotransmitter release [243]. 

P-type Ca 2+ currents 

P-type Ca 2+ currents were originally described in cerebellar Purkinje cells 
[289] where they are particularly predominant. They were subsequently iden- 
tified in various central [213] and peripheral neurons [399, 415] and in chro- 
maffin cells [13]. They have rarely been described outside the nervous system, 
with the notable exception of vascular smooth muscle [194]. P-type Ca 2+ cur- 
rents are moderately HVA and they inactivate slowly [319]. They differ from 
L-type and N-type Ca 2+ currents by their resistance to DHPs and 
co-CTx-GVIA and their sensitivity to the toxins co-Aga-IVA and 
co-CTx-MVIIC, respectively from the venoms of the funnel web spider 
Agelenopsis aperta and the marine snail Conus magus [321, 322, 411]. 

Like N-type Ca 2+ currents, P-type Ca 2+ currents are involved in neuronal 
transmission [508]; in particular, they appear to regulate the release of excita- 
tory amino acids, catecholamines, and GABA. The channels underlying P-type 
Ca 2+ currents also interact with SNARE proteins [85] and Ca 2+ entry through 
these channels (and/or Q-type, see below) activates the expression of the 
SNARE protein syntaxin- 1 A, which may provide a positive feedback mecha- 
nism for exocytosis [484]. The role of P-type Ca 2+ currents in specific neural 
functions remains very speculative. Observations of the pathophysiology of 
abnormal P-type Ca 2+ currents in humans and transgenic mice suggest, not 
unexpectedly, that these currents are critical for normal cerebellar and cortical 
function: defective currents lead to migraine and/or ataxia [241, 398, 469]. 
Patients with Lambert-Eaton myasthenic syndrome produce autoimmune anti- 
bodies directed against the channels underlying the P-type Ca 2+ currents 
(and/or Q-type, see below); these antibodies reduce the release of acetyl- 
choline from nerve terminals in the neuromuscular junction [144, 487]. 

Functional diversity among P-type Ca 2+ currents was recently suggested by 
the identification in rat cerebellar granule cells of a novel current subtype (Gl). 
This current displays the characteristic pharmacology of P-type Ca 2+ currents 
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but has unusual electrophysiological characteristics: it is slowly inactivated 
during depolarizing pulses and completely inactivated at voltages where 
steady state inactivation of P-type Ca 2+ currents in Purkinje cells is negligible 
[501]. 

Q-type Ca 2+ currents 

Q-type Ca 2+ currents were originally described in cerebellar granule cells 
[411, 435, 568] and hippocampal neurons [536]. In ligand-binding studies, the 
Ca 2+ channels likely to correspond to these currents have also been called 
O-type Ca 2+ channels [3]. Q-type Ca 2+ currents appear to be exclusively neu- 
ronal, they are moderate to HVA, and they exhibit inactivation kinetics similar 
to those of N-type Ca 2+ currents [319]. Their pharmacology is very similar to 
that of P-type Ca 2+ currents: they are resistant to DHPs and co-CTx-GVIA and 
sensitive to co-Aga-IVA and co-CTx-MVIIC [411]. Q-type Ca 2+ currents are 
slightly less sensitive to co-Aga-IVA than P-type Ca 2+ currents and possibly 
slightly more sensitive to co-CTx-MVIIC. In hippocampal neurons, Q-type 
Ca 2+ currents play a predominant role in glutamatergic synaptic transmission 
[497]. It is very difficult to distinguish the individual functions of Q-type and 
P-type Ca 2+ currents because of their high similarity: in most cases, the func- 
tions attributed to P-type Ca 2+ currents could be those of Q-type Ca 2+ currents 
as well. 

R-type Ca 2+ currents 

R-type Ca 2+ currents were originally described in cerebellar granule cells [411, 
568] as the remaining or resistant current after blocking other Ca 2+ current 
types with drugs and toxins. Based on this definition by default, it is not sur- 
prising that R-type Ca 2+ currents in different cells possess a wide variety of 
distinct electrophysiological properties [502]. It is quite likely that multiple 
channel types are responsible for R-type Ca 2+ currents, in different cells or 
even in the same cell [501]. Indeed, in transgenic mice lacking one the puta- 
tive Ca 2+ channel proteins underlying R-type Ca 2+ currents, only a small frac- 
tion of the wild-type R-type Ca 2+ currents is lost [541]. Similarly, depending 
on the cellular preparation, the compound SNX-482 blocks R-type Ca 2+ cur- 
rents entirely, partially, or not at all. It is even possible that channel proteins 
that normally underlie L-, T-, N-, P-, or Q-type Ca 2+ currents, but have been 
unusually processed or regulated, can sometimes carry R-type Ca 2+ currents. 

In many cases (but not all), R-type Ca 2+ currents are low- to moderate-volt- 
age-activated and they inactivate faster than L- or N-type Ca 2+ currents [319]. 
Therefore, R-type Ca 2+ currents often resemble T-type Ca 2+ currents and dis- 
tinguishing the two current types can be difficult [56] although not impossible 
[412]. By and large, R-type Ca 2+ currents have been mostly described in neu- 
rons although there is good evidence that they are also found in glia [101] and 
sperm [535]. Like N-, P-, and Q-type Ca 2+ currents, one of their major roles in 
neurons is to contribute to the Ca 2+ entry necessary for transmitter release. For 
instance, R-type Ca 2+ currents evoke transmitter release at rat central synaps- 
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es [549] and, for example, they contribute to the fast excitatory synaptic trans- 
mission in rat hippocampus [177]. Neuroendocrine secretion may also involve 
R-type Ca 2+ currents: the secretion of oxytocin [527] and of insulin [382, 383] 
may be preferentially regulated by R-type Ca 2+ currents. 

Many reports have also suggested that R-type Ca 2+ currents may exist in 
non-neuronal cells. However, in most cases, it remains difficult to ascertain 
whether the recorded currents are definitely R-type or rather T-type Ca 2+ cur- 
rents. In rat atrial myocytes, it is likely that part of the described T-type Ca 2+ 
currents may really be R-type Ca 2+ currents [396]. In contrast, in vascular 
smooth muscle, part or most of the suggested R-type Ca 2+ currents may really 
be T-type Ca 2+ currents [45, 343]. 

Conclusion 

The weakness of the above classification is the lack of clear-cut dividing lines 
between classes. The activation of Ca 2+ currents spans the entire range from 
“low” voltage to “high” voltage with no clear dividing line. Most pharmaco- 
logical tools are not entirely specific, with the exception of the N-type Ca 2+ 
current blockers co-CTx-GVIA and co-CTx-MVIIA. DHPs block T-type Ca 2+ 
currents with slightly lower potency than L-type; mibefradil blocks all VOCs; 
co-Aga-IVA and co-CTx-MVIIC block N-, P-, and Q-type Ca 2+ currents; SNX- 
482 blocks a fraction of the R-type Ca 2+ currents. This classification is being 
overwhelmed by the unexpected diversity of Ca 2+ currents and it cannot be 
extended to fit the characteristics of new current subtypes. Furthermore, the 
properties of any one class of currents may vary with the species, the tissue and 
the experimental conditions. 



Molecular diversity of voltage-operated Ca 2+ channels 

In parallel to the description of the properties of the voltage-operated Ca 2+ cur- 
rents, many laboratories have worked on the characterization of the underlying 
proteins, the voltage-operated Ca 2+ channels. The channel responsible for a 
dihydropyridine- sensitive L-type Ca 2+ current was initially purified from the 
T-tubule system of the skeletal muscle, where it is particularly abundant. It is 
a complex protein composed of four distinct subunits, a b p, a 2 5, and y, encod- 
ed by four distinct genes [143, 236, 429, 491] (a 2 and 8 are derived from the 
same gene with the product cleaved into two peptides linked by a disulfide 
bond [121]). Subsequently, the channels underlying the N-, P-, Q-, and non- 
skeletal L-type Ca 2+ currents were also found to be multi-subunit complexes 
composed of elements homologous to those of the skeletal muscle channel 
(Fig. 4). An exception may be the y-subunit, which may be present only in 
muscle L-type Ca 2+ channels [5, 310, 485, 544] although recently-described 
subunits may be associated with neuronal HYA Ca 2+ channels [283]. The sub- 
unit composition of T-type Ca 2+ channels remains very controversial: there is 
no convincing evidence for a p-subunit; a y-subunit may be associated with 
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Figure 4. Structure of the voltage-operated Ca 2+ channels. The channel protein is composed of multi- 
ple subunits: the obligatory a 1 -subunit comprises the Ca 2+ pathway and the p-, a25-, y- accessory 
subunits play modulatory roles. The folding patterns of the subunits are shown as predicted from the 
amino-acid sequences. The a 1 -subunit is constituted of four homologous domains (I-IV), each of 
which contains six a-helical transmembrane segments (S1-S6). The S4 segment is rich in positively- 
charged amino-acids and it is believed to serve as the voltage sensor. The peptide chain between S5 
and S6 (H5 or P-loop) lines the channel pore and constitutes the Ca" + selectivity filter. The binding 
sites for dihydropyridines (DHP), phenylalkylamines (PAA), benzothiazepines (BTZ), gating-modifi- 
er toxins (Tl), and pore-blocking toxins (T2) are shown in the lower right panel. 

functional channels and modify their electrophysiological properties [185, 
257]; and an a 2 5-subunit may be involved in channel expression and/or mem- 
brane insertion but may or may not be associated with functional channels 
[135, 175]. The stoichiometry of the components of the Ca 2+ channel complex 
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has generally been viewed as zero or one accessory subunit (of each type) per 
0Ci-subunit, although this has been challenged [495]. General aspects of the 
structure of voltage-operated Ca 2+ channels have been reviewed in [1, 76, 89, 
440,475,485]. 

The a j- subunit 

The a r subunit is the largest constituent of the final protein and it incorporates 
the conduction pore, the voltage sensor, and many modulatory sites. Thus, the 
diversity of voltage-operated Ca 2+ currents arises primarily from the existence 
of multiple forms of aj -subunits. High homology between the various cloned 
a! -subunits suggests that they evolved from a single ancestral gene. 

Correspondence between a j -subunits and native channels : A gene family 
including at least ten distinct genes encodes the mammalian oq -subunits. In the 
past, the products of the first seven genes were most often referred to as a ls 
and a 1A through a 1F although other classifications were also used (Tab. 2). 
After the cloning of the genes encoding the a] -subunits of the low-voltage- 
activated Ca 2+ channels (a 1G , oc 1H , oc H ), a new nomenclature/classification of 
voltage-operated Ca 2+ channels was proposed [146], similar in form to the 
widely-accepted classification of voltage-operated K + channels [92] as well as 
the recent classification of voltage-operated Na + channels [179]. This new 
classification (Tab. 2) is derived from the degree of sequence homology/simi- 
larity between the genes coding for the various Ca 2+ channels. From here on, 
we will refer to Ca 2+ channel a] -subunits using this new classification, with 
the corresponding historical oq s A B C D E FG H { in parenthesis. 

Three structural subfamilies of oq -subunits have emerged from molecular 
cloning of mammalian cDNAs. The first subfamily includes Ca v l.l, Ca v 1.2, 
Ca v 1.3, and Ca v 1.4 (a FS , a lc , a )D , and oq F ). Ca v l.l (a ls ) was originally 
cloned from rabbit skeletal muscle [143, 491], Ca v 1.2 (a lc ) from rabbit heart 
[318, 453] and lung [40] and rat aorta and brain [260], and Ca v 1.3 (a 1D ) from 
human brain [538] and pancreas [441]. Functional expression and immuno- 
precipitation studies have demonstrated that these genes encode DHP-sensitive 
L-type Ca 2+ channels. The mRNA for Ca v 1.4 (oc 1F ) has been found in human, 
mouse and rat retina, the cDNA appears specific to retinal libraries, and 
immunoreactivity has been shown in rat retina; however, Ca v 1.4 (a 1F ) has not 
yet been functionally expressed [29, 340, 352, 477]. 

The second a r subfamily includes Ca v 2.1, Ca v 2.2, and Ca v 2.3 (a 1A , a 1B , 
and a 1E ). So far, these genes appear to encode Ca 2+ channels that are localized 
mostly in the nervous system and that lack the characteristic DHP-sensitivity of 
L-type Ca 2+ channels. While expression of Ca v 2.2 (a 1B ) clearly produces a 
co-CTx-GVIA-sensitive N-type Ca 2+ channel [67, 136, 172, 537], it seems that 
Ca v 2.1 (oq A ) encodes both P-type and Q-type Ca 2+ channels. This is generally 
thought to occur through alternative splicing [55, 341, 435, 456, 472, 505, 568]. 
However cloning of Ca v 2.1 (a 1A ) from single cerebellar Purkinje cells (where 
P-type Ca 2+ currents predominate and Q-type Ca 2+ currents are minimal) yield- 




Calcium channel blockers and calcium channels 



37 



ed three splice variants that all expressed into Q-type Ca 2+ channels; this sug- 
gests that “some specific environmental modifications such as post-translation- 
al processing or modulation by putative proteins associated with the channels 
may be necessary to generate the native P-type current” [461]. The Ca v 2.3 (aj E ) 
gene is the most recent addition to the “neuronal” (non-L) channel family [358]. 
Its expression is widespread in mammalian neurons [462, 539] and it is also 
found in specific non-neuronal tissues [325]. Its assignment to one of the native 
Ca 2+ currents has been problematic. Ca v 2.3 (a JE ) has been proposed to encode 
a T-type Ca 2+ channel, because of its negative potentials for activation and inac- 
tivation, its sensitivity to Ni 2+ [462], and its permeation characteristics [56, 134, 
474]. However, the current produced by expression of Ca v 2.3 (a 1E ) differs from 
the “classical” T-type Ca 2+ current in its slower inactivation rate, its single- 
channel conductance (5-9 pS for T-type and 14 pS for Ca v 2.3 (a 1E )), its high 
sensitivity to Cd 2+ , and its insensitivity to octanol and amiloride. On the other 
hand, the human and rat Ca v 2.3 (a 1E ) currents share a number of characteris- 
tics with R-type Ca 2+ currents [141, 411, 539], which are sensitive to both Ni 2+ 
and Cd 2+ but not to DHPs and co-CTx-GVIA. There is a striking resemblance 
between currents through Ca v 2.3 (a 1E ) expressed in HEK293 cells and R-type 
Ca 2+ currents with respect to voltage dependence, rates of activation and inac- 
tivation, and the relative size of Ba 2+ and Ca 2+ currents [411, 539]. 

The third a r subfamily includes Ca v 3.1, Ca v 3.2, and Ca v 3.3 (0Ci G , a 1H , and 
a n ). Ca v 3.1 (0Ci G ) was originally cloned from rat brain and homologues were 
found in human and mouse [259, 313, 329, 386], Ca v 3.2 (a 1H ) from human 
heart [115], from a human medullary thyroid carcinoma cell line [540], from 
rat brain [313], and from a rat insulin-secreting cell line [570], and Ca v 3.3 
(an) from rat [279, 313] and human brain [180, 330, 336]. Functional expres- 
sion studies have demonstrated that these genes encode low-voltage-activated 
T-type Ca 2+ channels. 

From structure to biophysical properties : Although the three-dimensional 
structure of the L-type Ca 2+ channel from rabbit skeletal muscle has been visu- 
alized with electron cryomicroscopy at 30- A resolution [442], most of the 
structural information has been provided by studies combining molecular biol- 
ogy and electrophysiology. The a r subunit is a large (165-260 kDa) trans- 
membrane protein with 4 repeated units of homology (I-IV) (Fig. 4). Each 
repeat contributes a quarter of the wall of the channel pore and contains six 
a-helical membrane-spanning segments (S1-S6) [491]. These transmembrane 
segments are highly conserved among the various isoforms as well as 
across species [228, 260, 318, 341, 384] and -isoforms differ essentially in 
the extramembranous regions. When expressed in Xenopus oocytes, individual 
Ca v 1.2 (a lc ), Ca v 2.3 (a ]E ), or Ca v 3.x (a 1G H ,i) subunits are sufficient to form 
functional voltage-operated Ca 2+ channels [40, 279, 318, 386, 539, 570]. This 
appears not to be true for Ca v l.l (0Cj S ) [416], Ca v 1.3 (aj D ) [538], Ca v 2.1 (a j A ) 
[341, 495], and Ca v 2.2 (a 1B ) [537], for which successful functional expression 
has required additional subunits. 
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Using a combination of antibody mapping and site-directed mutagenesis, 
recent studies have identified regions that are important for p-subunit binding, 
voltage-dependent activation and inactivation, ion selectivity, regulation by 
protein phosphorylation, N-glycosylation, or GTP-binding proteins (G-pro- 
teins), and modulation by drugs and toxins (Fig. 4). 

Domain I, particularly IS3 and the IS3-IS4 extracellular loop, determines 
whether an L-type Ca 2+ channel has slow (skeletal muscle-like) or rapid (car- 
diac-like) activation [349, 489, 490]. 

The Alpha-Interaction-Domain (AID) is an 18-amino-acid region of the I— II 
cytoplasmic loop of the a! -subunit and it represents the major determinant of 
p-subunit binding. Mutations in this region remove any interaction between 
the two subunits [77, 125, 126, 401, 567] and a fusion protein that contains the 
AID binds P~ subunits with high affinity [543]. The corresponding region in the 
p-subunit (BID) has also been mapped [124]. More controversial, a second 
AID has also been suggested at the carboxy-terminus, such that a single 
a i -subunit may bind two P-subunits [495]. In contrast, the amino acid 
sequence of all three cloned Ca v 3.x (a 1G H ,i) subunits lacks the AID domain 
and elimination of the four known P-subunits with antisense oligonucleotides 
does not affect the size or voltage-dependence of native T-type Ca 2+ currents 
[277, 284]: this suggests that P-subunits do not interact with Ca v 3.x (ai G H ,i) 
subunits. 

The four transmembrane segments S6 and their adjacent extracellular and 
cytoplasmic loops are responsible for the inactivation kinetics [205, 566]. In 
the intracellular I— II linker, Ca v 2.1 (a 1A ) includes the sequence QQIER 
whereas Ca v 1.2 (a lc ) has QQLEE. The replacement of arginine to glutamate 
in Ca v 2.1 (a 1A ) slows inactivation and shifts its voltage-dependence to more 
positive voltages; the opposite replacement in Ca v 1.2 (a lc ) has the opposite 
effect [206]. The IIIS6 segment is also important for the rapid inactivation of 
Ca v 3.1 (<x 1G ) [303]. 

The three different classes of voltage-operated Ca 2+ channels vary in their 
modulation by G-proteins. On the one hand, all Ca 2+ channel types appear to 
be modulated to some degree by phosphorylation consecutive to the activation 
of protein kinases or phosphatases by G-protein-coupled receptors [133, 282, 
379, 391, 536, 550]. On the other hand, G-proteins are generally considered to 
modulate directly the activity of Ca v 2.x (a ]A b ,e) channels only. At least three 
different regions of the a! -subunit seem involved in this interaction. First, as 
mentioned above, in the intracellular I— II linker, Ca v 2.1 (a iA ) includes the 
sequence QQIER whereas Ca v 1.2 (0Cj C ) has QQLEE. The replacement of 
isoleucine to leucine in Ca v 2.1 (a 1A ) produces a channel with very reduced 
interaction with G-proteins, similar to Ca v 1.2 (a lc ) [206]. Second, the intra- 
cellular I— II linker and the carboxy-terminus in of Ca v 2.2 (aj B ) must both be 
replaced by their Ca v 2.1 (a 1A ) counterparts to transfer the modulatory behav- 
iors of the two channels [567]. Even among Ca v l.x (oc 1 s ,c,df) channels, struc- 
tural differences in the carboxy-terminus of the a! -subunit could account for 
differential association with intracellular proteins and regulation by phospho- 
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rylation [202, 203]. Third, the intracellular II— III linker has been called an 
‘effector interaction domain’ [206] because it plays a role in coupling Ca v 2.x 
channels (a 1AB , E ) to receptors and G proteins [24, 488]. For example, the 
II-III linker of Ca v 2.2 (oc 1B ) [444, 445, 561] and that of Ca v 2.1 (cc 1A ) [417, 
418] interact with the SNARE proteins involved in the exocytosis of neuro- 
transmitter vesicles in neurons. Deletions in this “synprint” site in Ca v 2.1 
(a 1A ) reduced the effectiveness of P-type Ca 2+ currents in initiating synaptic 
transmission whereas insertion of the synprint site from Ca v 2.1 (a 1A ) or 
Ca v 2.2 (a 1B ) into Ca v 1.2 (a lc ) established synaptic transmission initiated by 
L-type Ca 2+ currents [331]. However, the physiological function of natural 
splice variants of Ca v 2.2 (a 1B ) lacking the synprint site remains unknown 
[243]. The II-III linker plays an analogous role in Ca v l.l (0Ci S ) where it inter- 
acts with the ryanodine-sensitive Ca 2+ channel in the sarcoplasmic reticulum 
and constitutes an important determinant of skeletal excitation-contraction 
coupling [24, 488]. These examples illustrate the link between the structure of 
the a! -subunit and type-specific regulatory properties of voltage-operated Ca 2+ 
channels. 

It is notable that the intracellular I— II linker includes pieces of the P-subunit 
interaction domain (AID), the G-protein interaction domain, and regions crit- 
ical to channel inactivation: this is consistent with the observed interplay 
between inactivation, the actions of p-subunits, and those of G-proteins [567]. 

Ca v l.x (oc 1 s ,c,d,f)> Ca v 2.x (ai A3E ), and Ca v 3.x (a 1G ,H,i) channels have 
notably different gating properties, which could be associated with variations 
in the putative four S4 voltage-sensors. Although the S4’s are highly conserved 
between voltage-operated Ca 2+ channels, there are noticeable differences 
between the three subfamilies [341, 384, 471]. In particular, Ca v 3.x (a 1G H ,i) 
channels carry more negative charges in this region than the other a r subunits: 
this likely relates to the lower voltage of activation of T-type Ca 2+ channels. 

Permeation properties vary considerably among voltage-operated Ca 2+ 
channels. Structurally, the regions linking the S5 and S6 segments of each 
repeat (also called the H5 segments or the SS1-SS2 or P-loop regions) appear 
to contribute to the formation of the ion conduction pore [188, 201]. In this 
region, Ca v 2.3 (a 1E ) stands apart from the other high- voltage-activated Ca 2+ 
channels, which may relate to its specific permeation properties: in contrast to 
the other HVA a r subunits, Ca v 2.3 (oc 1E ) conducts larger currents with Ca 2+ 
than with Ba 2+ . Furthermore, the net charge of the P-region of Ca v 2.3 (a )E , 
-16) is less than those of Ca v 2.2 (a 1B , -22) and Ca v 2.1 (a 1A , -26), which may 
explain the smaller conductance of Ca v 2.3 (a 1E , 12 pS) compared to Ca v 2.2 
(a ]B , 14 pS) and Ca v 2.1 (a !A , 16 pS) [524]. Not surprisingly, Ca v 3.x (oc 1GH ,i) 
channels are even more distinct: instead of the highly-conserved glutamates 
found in all four pore regions of the other voltage-operated Ca 2+ channels, all 
three cloned Ca v 3.x (a 1GH ,i) channels have glutamate residues in the pore 
regions of repeats I and II but aspartate residues in repeats III and IV. This may 
relate to the lack of selectivity for Ba 2+ over Ca 2+ and the relatively low uni- 
tary conductance of Ca v 3.1 (a )G , 7.5 pS [386]), Ca v 3.2 (aj H , 5.3 pS [115] or 
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9.1 pS [540]) and Ca v 3.1 (oc H , 1 1.0 pS [279, 337]). Indeed, Ca v 1.2 (a lc ) has 
a larger effective pore size (diameter ~6.2 A) than Ca v 3.x (diameter ~5.1 A), 
while Ca v 2.3 (a 1E ) is intermediate [82]. 

Feedback regulation of Ca 2+ channels by Ca 2+ (“Ca-inactivation”) is anoth- 
er property linked to structural differences in -subunits. Thus, Ca 2+ channels 
based on Ca v 1.2 (a lc ) or Ca v 2.3 (a 1E ) differ in that only Ca v 1.2 (a lc ) pro- 
duces channels that are inhibited by Ca 2+ flowing inside the cell through the 
channel [354, 436]. A portion of the carboxy-terminus, which contains an EF- 
hand motif, is essential for Ca 2+ channel block by Ca 2+ [458, 569] such that 
transfer of the Ca v 1.2 (a lc ) EF-hand region to Ca v 2.3 (oc 1E ) transfers Ca 2+ - 
inactivation [122]. Additional regions downstream the EF-hand are also impor- 
tant for Ca 2+ -inactivation [458, 573]. In particular, alternative splicing of 
Ca v 1.2 (a lc ) in the second quarter of the C-terminal tail eliminates Ca 2+ -inac- 
tivation and the important regions have been narrowed to four critical stretch- 
es (I1572-G1576, L1600-V1604, Asnl582-E1583 and I1624-Lysl639). The 
last motif comprises a calmodulin (CaM)-binding consensus sequence 
(IQxxFRKxxxRx) and Ca v 1.2 (a lc ) appears to act as a CaM-binding protein 
with CaM regulating channel activity in response to Ca 2+ influx. Indeed, dele- 
tion of eight amino-acids within the CaM-binding sequence removes Ca 2+ - 
inactivation [573] and a non-functional CaM mutant suppresses Ca 2+ -inactiva- 
tion [390, 406]. Consistent with the role of CaM and the CaM-binding 
sequence in Ca 2+ -inactivation, Ca v 3.x (oc 1GH ,i) channels, which exhibit no 
Ca 2+ -inactivation, possess no CaM-binding sequence [279] and CaM activa- 
tion appears to have no direct effect on Ca v 3.2 (a 1H ) [547]. 

Finally, the a r subunits contain binding sites for dihydropyridines (DHPs), 
phenylalkylamines (PA As), and benzothiazepines (BTZs), at least in Ca v l.l, 
Ca v 1.2, and Ca v 1.3 (ai SCD ) [229]. Data on Ca v 1.4 (a 1F ) is not available at 
present. In order to define the channel regions involved in drug binding, 
research groups have used three general methods, namely: 1) the evaluation of 
drug-induced inhibition of Ca 2+ current using permanently-charged drug 
analogs, which can only act, in principle, from the membrane side that they 
were applied to; 2) the photoaffinity labeling of the channel protein using radi- 
olabeled drug analogs that covalently bind to nearby amino-acids after expo- 
sure to light; and 3) the analysis of drug-induced inhibition of Ca 2+ current 
using chimeric and mutant 0Cj-subunits. These studies revealed that the three 
chemically-unrelated classes of Ca 2+ antagonists bind to the same region of the 
channel (Fig. 4), which is formed by transmembrane segments IIIS5, IIIS6 and 
IVS6, in very close proximity to the central pore-forming regions [90, 204, 
266, 328, 452, 493, 530]. Drugs from different classes can bind simultaneous- 
ly: this explains the non-competitive stimulation or inhibition of binding that 
is observed between any two drugs [31, 59]. However, drugs from different 
classes also share parts of their binding sites: this explains the apparent steric 
interaction that is sometimes observed [476]. The close proximity to the chan- 
nel pore and the Ca 2+ -selectivity filter also clarifies the observed reciprocal 
allosteric interaction between DHPs and Ca 2+ present at the selectivity filter 
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[327]. In conclusion, there does not exist separate drug-binding domains as 
initially proposed [178] but a so-called “multi-subsite-domain” [326]. 

Further studies have narrowed down the critical amino acids responsible for 
DHP, PAA, and BTZ sensitivity [219, 326]. For DHP, two residues in IIIS5, 
seven in IIIS6, and four in IVS6 are the most critical. Four of those 13 residues 
are conserved in non-L-type channels but are not sufficient for high-affinity 
DHP sensitivity. For PAA, four residues in IIIS6, four in IVS6, and the “selec- 
tivity glutamate” of each of the P-loops of repeats III and IV are critical to 
PAA binding. The IIIS6 residues, and the glutamates, are conserved in non-L- 
type channels. For BTZ, the site is less well defined: the same IVS6 residues 
responsible for PAA affinity appear important as well as two residues in IIIS6 
[267] and some additional residues in the IVS5-IVS6 linker [204]. As a final 
note of caution, it should not be assumed that these regions are the only sites 
of interaction between the channel and the drug: although these represent the 
major determinants of drug binding, additional domains have been implicated 
in specific cases [276]. 

The four Ca v l.x (a ls , a lc , a 1D , a, F ) channels are very similar in the bind- 
ing regions whereas the Ca v 2.x (a 1A , a 1B , a 1E ) and Ca v 3.x (a 1G , a !H , a n ) 
channels present some major differences. When the proposed binding domain 
of Ca v l.l and Ca v 1.2 (a ls , a lc ) was inserted in place of the non-binding 
domains of the DHP, PAA, BTZ-insensitive channel Ca v 2.1 (a 1A ), a DHP, 
PAA, BTZ-sensitive channel was created [184]. After this chimera demon- 
strated that specific portions of L-type channels could transfer DHP sensitivi- 
ty to non-L-type channels, further studies confirmed that DHP sensitivity 
could be transferred to Ca v 2.1 (a 1A ) or Ca v 2.3 (a 1E ) by introducing the nine 
non-conserved L-type amino-acid residues in IIIS5, IIIS6, and IVS6 [234, 
452]. 

The binding sites of the other Ca 2+ channel blockers (toxins, mibefradil, 
etc.) have not been precisely defined as yet. The only data regarding the bind- 
ing of co-Aga-IVA showed that the affinity of the expressed Ca v 2.1 (a ]A ) 
channel for co-Aga-IVA is affected by the deletion or the insertion of two 
amino-acid residues in the IVS3-IVS4 linker [55, 193] or the conversion of a 
nearby glutamate to lysine [542] (Fig. 4). For co-CTx-GVIA, mutations in the 
S5-P linkers affect the kinetics and reversibility of toxin block, with major 
effects associated with the IIIS5-IIIP linker (Fig. 4); this is consistent with a 
direct pore-blocking mechanism [140, 158]. Qualitatively similar results were 
obtained with co-CTx-MVIIA suggesting that common molecular determi- 
nants underlie block by these two toxins [158]. Generally, large peptide toxins 
inhibit current by blocking the channel pore (pore-blocking toxins, site T2), 
although co-grammotoxin-SIA, and co-Aga-IVA appear to act by shifting the 
voltage dependence of the channels from a remote binding site (gating-modi- 
fying toxins, site Tl) [309]. 

Alternative splicing : There is considerably more structural heterogeneity 
encountered in vivo than can be accounted for by ten different 0Ci genes. A 
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molecular basis for this heterogeneity comes from alternative splicing [60] or 
post-translational editing [4]. Alternative splicing has been observed for all 
a! -subunits and is particularly noticeable in the amino- and carboxy- termini, 
IS6 and adjacent I-II loop, IIS6, IIIS2, IVS3 and adjacent IVS3-IVS4 loop. 
The structural differences found in the splice variants result in altered bio- 
physical, physiological, and pharmacological properties. For example, differ- 
ent Ca v 1.2 (a lc ) splice variants in heart and smooth muscle could be associat- 
ed with specific pharmacological properties of these tissues, such as the high- 
er sensitivity of smooth muscle to DHPs [533]. Similarly, Ca v 1.2 (a lc ) splice 
variants in the carboxy-terminus are differently affected by hypoxia [155]. 
Finally, four Ca v 1.2 (a lc ) splice variants are expressed in human ventricular 
myocardium and their relative levels change with the appearance of heart fail- 
ure [557]. Examples of alternative splicing can be found for Ca v l.l (a JS , 
[387]), Ca v 1.2 (a lc , [155, 533, 557]), Ca v 1.3 (a 1D , [264]), Ca v 1.4 (a 1F , [57]), 
Ca v 2.1 (<x 1A , [268]), Ca v 2.2 (a 1B , [372]), Ca v 2.3 (<x 1E , [437]), Ca v 3.1 (<x 1G , 
[96]), Ca v 3.2 (a 1H , [235]), Ca v 3.3 (a n , [313, 347]). 

Evolutionary perspective : The concept of species classification according to 
evolutionary history can be attributed to Darwin [120]. A similar classification 
of related proteins, based on amino-acid sequence similarities and presented as 
evolutionary trees, has the advantage of being easily updated with new 
sequences. Moreover, it provides a definitive identification of a protein by its 
sequence. 

Voltage- sensitive Ca 2+ channels belong to a superfamily of ion channels, 
which includes the voltage-sensitive Na + and K + channels as well as the cyclic- 
nucleotide-gated non-selective cation channels (CNG channels). In contrast to 
the oq -subunits of Na + and Ca 2+ channels, which comprise four homologous 
domains of six transmembrane stretches, the a-subunits of K + and CNG chan- 
nels contain a single such domain and the functional channels appear to be built 
around tetramers of these a-subunits. Furthermore, each of the four domains of 
the Ca 2+ channels aj -subunits has significant sequence homology with the 
a-subunits of K + and CNG channels [87]. The nature of the single-domain 
ancestor of these four channel types is controversial [168, 478, 479]. While Na + 
channels have been found so far only in multicellular organisms, Ca 2+ and K + 
channels are present in simpler organisms such as protozoa [211]. It is there- 
fore hypothesized that two intragenic duplications in a single-domain ancestral 
channel gave rise to a primordial four-domain Ca 2+ channel, which gave rise 
later to a primordial Na + channel by further divergence following gene dupli- 
cation [212]. Several gene duplication events also explain the diversity of the 
Ca 2+ channel family as well as that of the Na + , K + , and CNG channels. 

In agreement with the pharmacological classification, the phylogenetic 
analysis distinguishes three subfamilies of aj -subunits, with clearly separate 
limbs, comprising Ca v l.x (aj S , a lc , a 1D , a 1F ), Ca v 2.x (a 1A , a 1B , a 1E ), and 
Ca v 3.x (a 1G , a 1H , a n ) (Fig. 5). The division of Ca 2+ channels into L-, N- and 
T- types probably occurred prior to the emergence of the first chordates. In 
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Figure 5. Phylogeny of voltage-gated Ca 2+ channel a r subunits. Only the membrane spanning seg- 
ments and the pore loops (-350 amino acids) are compared. First, all sequence pairs are compared, 
which clearly defines three families with intra-family homologies above 80% (Ca v l.x, Ca v 2.x, 
Ca v 3.x). Then, a consensus sequence is defined for each family and these three sequences are com- 
pared to one another, with inter-family homologies of -52% (Ca v l.x and Ca v 2.x) and 28% (Ca v 3x 
and Ca v l/2.x). Matches were defined using CLUSTAL. 



addition to mammals, Ca 2+ channel types have been reported in the marine ray 
Discopyge ommata [223], in Aplysia [139], and in Drosophila [378] and the 
few known invertebrate Ca 2+ channel sequences segregate into L-, N- and 
T-types. In contrast, further subdivision of these three subfamilies likely 
occurred after the emergence of the vertebrates: whereas the invertebrate Ca 2+ 
channels cannot be preferentially associated to any of the seven mammalian 
subtypes, a Cyprinus carpio Ca 2+ channel a r subunit shows a higher homolo- 
gy to the mammalian Ca v l.l (a )S , [183]). The divergence between the carp 
subunit and the mammalian Ca v l.l (a ls ) corresponds to the divergence 
between fish and mammals, i.e., to the apparition of amphibians, approxi- 
mately 300 million years ago. The cloning of Ca 2+ channels in other animal 
species will be necessary to date more precisely the apparition of the subtypes. 

Other subunits (p, a 2 S, y) 

The diversity of voltage-operated Ca 2+ channels also arises from the genetic 
diversity of secondary subunits and the existence of splice variants of these 
subunits, which modulate to various extents the electrophysiological and phar- 
macological properties of the complete channels. 

p-subunit : Like the a! -subunit, the |3-subunit is derived from a multigene fam- 
ily; cDNA cloning and genomic localization have established the existence of 
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at least four genes expressed in overlapping sets of tissues [80, 81, 218, 230, 
429] and [43, 102] for detailed reviews), p-subunit diversity also arises from 
considerable alternative splicing and post-translational modification [43, 102, 
486]. Members of all four classes of P-subunits may combine in neuronal 
channels [287, 294, 395, 439, 514, 523]. Skeletal muscle and cardiac channels, 
on the other hand, seem to be exclusively associated with pi a- and p2a-sub- 
units, respectively [294]. The secondary and tertiary structure of the cytoplas- 
mic P-subunits is not firmly established: the proteins contain a series of 
a-helices and p-sheets that appear to organize in five separate domains [192, 
526]. 

The p-subunit can modulate both the kinetics and voltage-dependent prop- 
erties of a r subunits and different p-subunits appear to have different quanti- 
tative and qualitative effects in various species (reviewed in [526]). P-subunits 
also alter the pharmacology of the oq -subunits, in particular high-affinity DHP 
binding [292, 361]. A p-subunit seems to be required for functional expression 
of some neuronal Ca 2+ channels and the co-expression of p-subunits modu- 
lates the level of expression of most other recombinant a r subunits [230, 385, 
537, 538]. Finally, p-subunits appear to facilitate coupling of the voltage sen- 
sor to pore-opening [353, 355] and they play important roles in the regulation 
by G-proteins [54]. In summary, the P-subunit regulates the activity of the 
aj -subunit and further contributes to the functional diversity of Ca 2+ channels 
[526]. 

a 2 S-subunit\ The a 2 8-subunit is encoded by four separate genes and there is 
also evidence for tissue-specific alternative splicing [11, 67, 258, 407, 538]. 
The a 2 S3-subunit is expressed exclusively in brain whereas the a 2 8l-, a 2 S2-, 
and a 2 84-subunits are found in several tissues [258, 407]. The a 2 8-subunit is 
translated as a 175 kDa protein that is cleaved post-translationally into disul- 
fide-linked a 2 - and 8-portions [121, 237]. The 8-portion anchors the ^8-sub- 
unit to the membrane via a single transmembrane segment [187]. Co-expres- 
sion of a 2 8-subunits with al-subunits increases current density, shifts the volt- 
age dependence of channel activation and inactivation in a hyperpolarizing 
direction, and accelerates current decay (reviewed in [156, 217, 258, 526]). 
The extracellular apportion is responsible for channel stimulation [187] and 
the S-portion mediates the effects on activation and inactivation [157]. The 
magnitudes of these various effects depend on the type of expressed al -sub- 
unit and on the additional presence of P-subunits [258]. 

y-subunit : Until recently, it was believed that there existed a single y-subunit, 
possibly associated only with skeletal muscle Ca v l.l channels [117, 163, 
170]. However, in the last five years, y-subunit genes have blossomed, bring- 
ing the present number to eight distinct y-subunits [69, 106, 257, 283]. 
Generally, the results of co-expression studies with a r , p-, a 2 S-, and y-sub- 
units show that the y-subunit increases the current magnitude, shifts the volt- 
age dependencies of activation and inactivation to more negative potentials, 
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and accelerates activation and inactivation. A recent study with transgenic 
mice lacking the yl -subunit showed that the inactivation of the skeletal muscle 
Ca 2+ currents was slowed and shifted to more positive potentials, as expected, 
but that the current magnitude was increased [170]. 



Ca 2+ channel drugs and their binding sites 
Classification 

In 1992, a list of criteria was approved for the identification of distinct drug 
binding sites on Ca 2+ channels by the IUPHAR Committee on Receptor 
Nomenclature and Drug Classification [466, 516]. It includes: 1) the demon- 
stration of a stereoselective binding site supported by drug interaction studies 
(competition with other drugs, non-competitive interactions with other sites, 
reversal of inhibitory effects by channel activators); 2) demonstration of the 
electrophysiological effects of the drug and selectivity of action compared to 
other sites; 3) determination of the affinity for the type and subtype of ion 
channel. These criteria have identified different classes of Ca antagonists 
(Tab. 4). 

Class 1 includes agents selective for L-type (Ca v l.x: a ls , a lc , a 1D , a 1F ) 
Ca 2+ channels, such as dihydropyridines (DHP), phenylalkylamines, and ben- 
zothiazepines, which have distinct binding sites on the aj -subunit. This class 
could be extended to include new drugs potentially acting on a novel site on 
the L-type Ca 2+ channel (Class lb). By far the largest group of Ca antagonists 
is made up of the DHPs: these agents are remarkably efficacious therapeuti- 
cally and various pharmaceutical companies have characterized to different 
levels more than 50 such compounds. The structural variety is astonishing and 
appears to lead to significant therapeutic specificities (Tab. 5). 

Class 2 regroups the compounds interacting selectively with other voltage- 
dependent Ca 2+ channels. Mibefradil belongs to Class 2 in view of its selec- 
tivity for T-type (Ca v 3.x: a 1G , a 1H , a H ) over high-voltage-activated Ca 2+ chan- 
nels. Selective blockers of T-type Ca 2+ currents are scarce. Although many 
compounds have been reported to block these currents (amiloride, ethosux- 
imide, phenytoin, octanol, flunarizine, bepridil, cinnarizine, sipatrigine, amio- 
darone, penfluridol, fluspirilene, pimozide, tetrandrine, SB-209712, some 
DHPs, many volatile anesthetics, the scorpion toxin kurtoxin), block is often 
cell- or species-dependent, it requires a relatively high concentration, and it is 
generally nonselective (often, it is concomitant to or even weaker than block 
of Na + channels). Consequently, these drugs belong to Class 3, “non- selective 
channel modulators”. A few other compounds may belong in Class 2 (anan- 
damide, the DHP analog PPK-5) but additional studies are needed to confirm 
this preliminary assignment. Hybrid molecules (usually derived from DHPs) 
that cumulate Ca antagonism with another function (al/pl adrenoceptor 
block, thromboxane synthase inhibition) are also found in Class 3 (Class 3b). 
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Table 4. Classification of drugs binding to voltage-operated Ca 2+ channels. Underlined are the com- 
pounds with structures shown at right 



Family name 


Representative compounds 


Representative structure 


Class 1 : Drugs binding selectively to the L-type Ca 2+ channel 


Class la: Defined binding site 


Phenylalkylamine 


verapamil 

gallopamil, anipamil, devapamil 
tiapamil, falipamil, ludopamil 


— o p — 

/ N 


Dihydropyridine 


nifedipine 

amlodipine, felodipine, isradipine, 
nimodipine, nicardipine, nisoldipine, 
benidipine, nilvadipine, nitrendipine, 
lacidipine, elgodipine, mepirodipine 


V, 


Benzothiazepine 
(*: analogs) 


diltiazem 

clentiazem, naltiazem* 

benzazepinones* 

benzothiazepinones* 


odS 

y 



Class lb: Undefined, potentially novel binding site 



Indolizinsulfone 


fantofarone (SR33557) 


0 %xx\ 

? 


Benzothiazine 


semotiadil (SD-321 1) 
HOE-166 


ofp? 


Ethynylbenzene- 

alkanamine 


McN-6186 

McN-5691 








9 


Morpholine 


pinaverium bromide 


9y 

— o 


Phosphonate 


fostedil 


^ N> ^o 


Class lc: Natural toxins blocking selectively L-type Ca 2+ channels 





(Continued on next page) 
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Table 4. (Continued) 



Family name Representative compounds Representative structure 

Class 2: Drugs binding selectively to non-L-type Ca 2+ channels 
Class 2a: Defined binding site 



Class 2b: Undefined, potentially novel binding site 




Class 2c: Natural toxins blocking selectively non-L-type Ca 2+ channels 




Class 3: Non selective Ca 2+ channel modulators 



Class 3a: Miscellaneous 




cularine, diproteverine 



Diphenylalkylamine bepridil 




fendiline 



(Continued on next page) 
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Table 4. (Continued) 



Family name 


Representative compounds 


Representative structure 


Class 3a: Miscellaneous (Continued) 


Imidazole 


E-4080 








[ | CIH CIH 

a 


Pyrazine 


amiloride 

dichlorobenzamil 


c YyV- 


Ergot alkaloid 


nicersoline 


0 / 

v N >' 


Quinuclidine 


CP-96345 




Volatile anesthetics 


halothane 

isoflurane, enflurane 


F F 


Phenylalkylamine 


emopamil 

levemopamil 




Diphenylbutyl- 

piperidine 


pimozide 






fluspirilene 


Vi 




penfluridol 








vvv / 






T 

CI 


Lactamimide 


MDL 12330A 
MDL-12334A 


CIH 

CY?° 


Arylalkyl- 

sulfonamide 


WY-46622 

WY-47324 





(Continued on next page) 
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Class 3a: Miscellaneous (Continued) 
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Representative structure 




ethosuximide 

octanol 

sipatrigine 



SB-209712 






franidipine, AE0047, NKY-722, 
YM 16151-1, WY 27,569 



Class 3c: Natural toxins blocking Ca 2+ channels non-selectively 



kurtoxin, co-Aga-IIIA 




Table 5. Structural diversity of dihydropyridine Ca antagonists 
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(Continued on next page) 





Table 5. (Continued) 



Calcium channel blockers and calcium channels 



51 




(Continued on next page) 





Niludipine BayA-7168 Nilvadipine CL-287389 Nimodipine BayE-9736 Nisoldipine BayK-5552 Nitrendipine BayE-5009 
Nivadipine FK-235 

FK-34235 
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For each compound: top left: common name(s); top right: development code(s); bottom left: literature citation(s). Some compounds have been extensively studied and 
reported upon, in which case an attempt was made to select one in vitro electrophysiology reference and one clinical reference. However, for some compounds, only 
one or two published references can be found (none in the case of sagandipine). 
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Mechanisms of block 

Many major drugs exert their therapeutic effect by inhibiting currents through 
voltage-operated ion channels. In particular, local anesthetics, Class I antiar- 
rhythmics, and some anticonvulsants block Na + channels, Class III antiar- 
rhythmics block K + channels, and antihypertensives, antianginals, Class IV 
antiarrhythmics, anti-epileptics, and some analgesics block Ca 2+ channels. 
Although their binding site is often present in many different tissues, most of 
these compounds have a remarkably good therapeutic index and are relatively 
tissue-specific in their action. Interestingly, many of these drugs have similar 
mechanisms of action, such that drug binding is strongly modulated by the pat- 
tern of electrical activity associated with the target channel and is most potent 
for patterns associated with pathological conditions. The most widely held 
hypothesis suggests that this happens because nearly all the therapeutically- 
useful blockers of voltage-gated ion channels have an allosteric interaction 
with the gating mechanism of the target channel, such that drug binding is 
greatly favored by specific conformations of the channel. The following sec- 
tion is based in large part on an earlier article [147]. 

The best-studied example of voltage-dependent modulation of an ion chan- 
nel by a drug is the block of voltage-operated Na + channels by local anesthet- 
ics [72, 84]. A simple theoretical framework, the “modulated receptor theory” 
(MRT), has been developed, which describes well many aspects of this inter- 
action [211]. The MRT proposes that drug receptors on an ion channel have 
multiple conformational states that are associated with the multiple voltage- 
dependent states of the conductance pathway and that differ in affinity and rate 
constants for drug binding (Fig. 6). Under control conditions, the main aspects 
of Na + channels gating can be described as: 1) under quiescent conditions, the 
channels are mostly in the resting (R) state; 2) upon depolarization of the cells, 
the channels move rapidly to the open (O) state; 3) after opening, the channels 
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Figure 6. Modulated receptor theory for drug action on voltage-gated ion channels. A: According to 
voltage, the drug-free channel (top) switches between multiple states (R: resting; O: open; If: fast 
inactivated; Is: slow inactivated). B: The drug (*) binds to these conformations with distinct rate con- 
stants. The drug-bound channel (bottom) then switches between the different states with rate constants 
distinct from those of the drug-free channel. 
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inactivate rapidly to the non-conducting “fast inactivated” state (I f ); and 4) pro- 
longed depolarization causes many Na + channels to enter a further non-con- 
ducting “slow inactivated” state (I s ), the recovery from which requires pro- 
longed hyperpolarization. A drug can bind to these different states with distinct 
rate constants and the drug-bound channel can switch between the same four 
states with rate constants distinct from those of the drug-free channel. Whether 
the drug-bound “open” channel is conducting or not depends on the drug and 
channel studied. 

The “guarded receptor” theory has been presented as an alternative to the 
MRT to explain the action of local anesthetics on Na + channels. This model 
postulates that channel gating does not change the binding affinity of the drug 
but rather that it removes a barrier to the access of the drug [470]. In fact, this 
model can be considered an extreme case of the MRT, where the on-rate of 
drug for some conformations of the channel is zero. Two subtypes of the 
guarded receptor theory need to be considered. In the first, the drug only binds 
to some conformation(s) of the channel and it needs to unbind before the chan- 
nel can gate into conformations with no affinity for drug (foot-in-the-door 
model, Fig. 7A). In the second subtype, the drug can only access its binding 
site when the channel is in some defined conformation(s); however, the drug 
does not need to unbind for the channel to gate into conformations where 
unbound drug cannot access the binding site (trapped drug model, Fig. 7B). 

By design, the MRT, or the guarded receptor theory, accounts for the time 
and voltage dependencies of Na + channel block by local anesthetics. If a pat- 
tern of electrical activity increases the fraction of time that the channel spends 
in the high affinity state, then it also increases drug binding and channel block. 
In addition, the model accounts for the concentration dependence of block, in 
that the rate and amount of block increase with drug concentration as expect- 
ed by the law of mass action and a 1 : 1 binding reaction [27] . Finally, the model 
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Figure 7. Guarded receptor theory for drug action on voltage-gated ion channels. A: Foot-in-the-door 
version. The drug (*) binds only to the open conformation and the channel cannot leave this confor- 
mation until the drug unbinds. B: Trapped drug version. The drug binds and unbinds only to and from 
the open conformation but the channel can change to other conformations while the drug remains 
bound. For simplicity, only one inactivated state is shown. 
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is very popular because it provides a relatively simple physical model of the 
effects of drugs as well as a means to quantify drug binding for structure/activ- 
ity studies [27]. Using the MRT, many predictions can be made about the mod- 
ification of gating currents by voltage-dependent drugs and many of these have 
been verified. Finally, this model agrees well with the observed action of Na + 
channel drugs on enzymatically or pharmacologically modified channels. 

The MRT can also account for most aspects of the time and voltage depend- 
encies of block of L-type Ca 2+ currents by therapeutically useful Ca 2+ antago- 
nists, typified by nifedipine, verapamil, and diltiazem. The block of voltage- 
operated Ca 2+ channels by gallopamil (also known as methoxyverapamil or 
D600) is similar to that of Na + channels by tertiary amines, in that the drug 
exists in both neutral and cationic forms and the cationic drug enters open 
channels from the intracellular side to produce block [208, 280, 307]. The 
block of Ca 2+ channels by DHPs is analogous to that of Na + channels by neu- 
tral local anesthetics, except that the binding affinity is ~1 0,000-fold greater 
for DHPs. The voltage dependence of the block of Ca 2+ channels by DHPs was 
first elucidated in cardiac myocytes, where it was interpreted as due to the 
preferential binding of drug to inactivated channels [25, 433, 509]. Since then, 
a number of studies have enhanced our understanding of the mechanism of 
voltage-dependent block by DHPs (as well as PAAs and BTZs) but a number 
of open questions still remain. 

In general, for DHPs, PAAs, and BTZs, there is good agreement that the 
inactivated state(s) of the channels provide high-affinity binding whereas the 
resting state has much lower affinity. However, there is still some debate 
whether binding of the drug to open channels occurs with similar or lower 
affinity than to inactivated channels. Thus, it is possible that the conforma- 
tional change that enhances drug binding is associated with channel opening; 
whether the channel subsequently inactivates has little effect on drug affinity. 
In that case, when inactivation develops relatively rapidly (cardiac myocytes), 
drug binds primarily to the inactivated state but, when inactivation develops 
more slowly (smooth muscle, neurons, neuroendocrine cells), binding to the 
open state becomes more important. 

In addition, whether the modulated receptor or the guarded receptor model 
is the most accurate is not clear and may depend on the drug and the channel 
that is tested. For diltiazem, the guarded receptor may be best [74]. For 
mibefradil, the foot-in-the-door model may also be correct for Ca v 2.1 (a 1A ) 
channels [2] and the trapped drug model for Ca v 1.2 (a lc ) and Ca v 2.3 (a 1E ) 
channels [33] but the modulated receptor model is needed for Ca v 3.2 (a 1H ) 
channels [381]. For isradipine and Ca v 1.2 (a lc ), there may actually be two dis- 
tinct binding sites, one being access through the open channel (guarded recep- 
tor) and the other providing high affinity binding to the inactivated channel 
(modulated receptor) [191, 275]. In what may be a related issue, DHP activa- 
tion of Ca v l.x (0 Cis,od> maybe a 1F ) channels may also require a different bind- 
ing site from the one responsible for DHP block. 
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The action of calcium antagonists on Ca 2+ 
movements in isolated vessels 



Experimental pharmacology studies consider short- and long-term effects of 
CCBs. The most obvious short-term action is the reduction of blood pressure 
that has prompted the use of calcium antagonists in cardiovascular medicine. 
This action is the result of a decrease of peripheral resistance due to vasodi- 
latation within the arterial beds. Therefore, a large body of experimental work 
has been concerned with studies of the mechanism of action of CCBs in arter- 
ies. Analytical pharmacology studies of various CCBs have supported the con- 
cept of tissue and action selectivity, which has some interest for pharma- 
cotherapy. Studies of the long-term effects have enlightened their action in the 
prevention of the complications of hypertension including the development of 
atherosclerosis. Earlier studies have addressed the mechanism of action of cal- 
cium antagonists in the vasculature by considering their interaction with Ca 2+ 
activator of the contractile machinery. Such approach has required the charac- 
terization of calcium movements in the absence and in the presence of calci- 
um antagonists. 



Measurements of calcium fluxes and of intracellular calcium in vascular 
smooth muscles 

The observation by Godfraind and Kaba [32, 33] that only contractions direct- 
ly related to the extracellular concentration of calcium were sensitive to calci- 
um antagonists, provided support to the hypothesis that blockade of calcium 
entry is an important mechanism of drug action. A further confirmation for this 
hypothesis has been given by the measurement of unidirectional Ca 2+ fluxes 
and by the characterization of the specific binding sites of calcium antagonists 
in relation to their action. Within the past decade, considerable progress has 
been made in the understanding of Ca 2+ movements and distribution in smooth 
muscle cells. Simultaneous measurements of [Ca 2+ ]i and contraction in intact 
smooth muscle, using various intracellular Ca 2+ indicators have allowed an 
analysis of the Ca 2+ sensitivity of contractile elements (for references see 
[47-49]). Permeabilisation of the cell membrane enabled the measurement of 
contraction in the presence of steady concentrations of Ca 2+ , of ATP and of 
other substances in the cell. Calcium-imaging techniques have revealed an 
uneven distribution of Ca 2+ within the cell and have localized spots of con- 
centration increase in the form of Ca 2+ sparks and of propagating Ca 2+ j waves. 
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Before the estimate of [Ca 2+ ]j using intracellular Ca 2+ indicators, contraction 
was considered as an accurate indicator of [Ca 2+ ] i? because, at that time, the 
complexity of regulation of smooth muscle contraction was not perceived. 
Simultaneous measurements of [Ca 2+ ]j and of contraction have shown that fac- 
tors other than [Ca 2+ ]i increase are involved in the excitation-contraction 
process. 



Measurements by radioactive calcium 

Analysis with 45 Ca 2+ of the calcium distribution in an artery showed that the 
amount of Ca 2+ bound outside the cell membrane is much greater than the 
amount of free Ca 2+ in the cytoplasm and/or the amount of Ca 2+ entering the 
cell during a contractile stimulation. It was not possible to discriminate 
between Ca 2+ bound to the membrane surface and Ca 2+ in the cytoplasm by 
just immersing vessels in physiological solution containing 45 Ca 2+ , because 
changes in transmembrane Ca 2+ fluxes occurring after a stimulus were not 
perceivable under such experimental conditions (see [40, 41, 101]). Several 
approaches have been developed to estimate the importance of calcium 
changes in a slowly-exchanging tissue fraction supposed to be intracellular. In 
1962, Briggs [8, 9] incubated rabbit aortic strips with solutions containing 
45 Ca 2+ for 30 to 60 min followed by a 10 to 15 min washout period with iden- 
tical non-radioactive solutions in order to remove 45 Ca 2+ from the extracellu- 
lar space. With this procedure, it was possible to remove a rapidly exchanging 
Ca 2+ fraction and to estimate the capacity of a slowly-exchanging Ca 2+ frac- 
tion. It was found that high KC1, epinephrine and norepinephrine increased 
the level of 45 Ca 2+ remaining after the washout in non-radioactive solution. 
Thus, the quantity of Ca 2+ in a slowly-exchanging fraction appeared to vary 
with the contraction. However, the time course of this increase in 45 Ca 2+ was 
slower than that of contraction and the decrease in 45 Ca 2+ following removal 
of the stimulant was much slower than the decrease in muscle tension, sug- 
gesting that this method could just measure 45 Ca 2+ in a cellular fraction in 
which Ca 2+ gradually accumulated during a contraction. Neither the cellular 
location nor the physiological role of this Ca 2+ fraction has ever been defined. 

Measurement of the lanthanum-inaccessible calcium fraction of smooth 
muscles has provided a valuable approach to Ca 2+ -fluxes measurements. Due 
to their higher charge density, La 3+ ions were expected to have a greater affin- 
ity than Ca 2+ for any anionic groups that binds Ca 2+ . Based upon anatomical 
evidence indicating that La 3+ is restricted to the extracellular compartment, it 
was found in smooth muscle preparations that La 3+ replaced 45 Ca 2+ at superfi- 
cial membrane sites and prevented 45 Ca 2+ uptake by intracellular Ca 2+ stores 
[40, 41, 101]. Van Breemen et al. [98] attempted to remove the extracellular 
45 Ca 2+ by washing the tissue in a physiological salt solution (PSS) containing 
2 x 10 mM LaCl 3+ after completion of 45 Ca 2+ uptake and before measurement 
of tissue 45 Ca 2+ . In rabbit aorta depolarized with a high KC1 solution they 
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observed that during the contraction, Ca 2+ uptake was increased from a resting 
level of about 50 mmol/kg of wet tissue to 150 mmol/kg of wet tissue. 
However, with their procedure, they did not discover change in 45 Ca 2+ uptake 
when contractions were produced by norepinephrine. However increased 
45 Ca 2+ uptake was noticed when muscle strips were preincubated with 
Ca 2+ -free PSS before the norepinephrine-induced contraction [19]. These 
results suggested that 45 Ca 2+ uptake increased only under non-physiological 
conditions and supported the hypothesis that norepinephrine- stimulated con- 
traction of rabbit aorta was due mainly to Ca 2+ release from intracellular 
stores. In 1976, Godfraind [28] improved the lanthanum method by making 
use of a high concentration (50 mM) of LaC13, thereby minimizing the loss of 
45 Ca 2+ during the washout with La 3+ solution. He found that, at physiological 
concentration, norepinephrine increases the rate but not the total amount of 
45 Ca 2+ uptake in the rat aorta (see Fig. 1). Karaki and Weiss [51] and Van 
Breemen et al. [99] finally found that high KC1 and norepinephrine increased 
the rate of 45 Ca 2+ uptake in the rabbit aorta. Norepinephrine also transiently 
increases the rate of 45 Ca 2+ efflux [18, 28] by decreasing Ca 2+ amount on high 
affinity Ca 2+ binding sites but not on low affinity Ca 2+ sites [51-53, 56]. These 
results provided support for the model that in addition to the activation of 
membrane calcium channels occurring in some vessels, in all vessels norepi- 
nephrine and various vasoconstrictors may release Ca 2+ from intracellular 
stores that have been identified with sarcoplasmic reticulum. With the lan- 
thanum method, increases in total 45 Ca 2+ uptake could be detected under non- 
physiological conditions. In rabbit aorta, Karaki and Weiss [54, 55] found that 
inhibition of mitochondrial function with antimycin A, oligomycin, potassium 
cyanide (KCN) and hypoxia reduced KC1 -induced increase in 45 Ca 2+ uptake 
indicating that a portion of 45 Ca 2+ uptake was not associated with contraction 
and represented an incremental uptake of Ca 2+ into mitochondria. 

Such experiments pointed to the fact that the response to norepinephrine is 
different in various vessels. In the rabbit aorta norepinephrine increased Ca 
uptake in the La 3+ resistant compartment only in the presence of high KC1, 
resulting in increased mitochondrial Ca 2+ uptake [51, 54]. On the other hand, 
in the rat aorta, norepinephrine-evoked 45 Ca entry in the La 3+ -resistant com- 
partment did not require depolarization by KC1 and was observed in physio- 
logical conditions [28]. A similar action was later found in various vessels 
including rat mesenteric arteries and human coronary arteries bathed in phys- 
iological solution. 



Measurements by fluorescent indicators 

Measurements of intracellular Ca 2+ changes by fluorescent indicators have 
provided additional information on the relation between [Ca 2+ ]i and smooth 
muscle contraction. 
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Figure 1. (a) 45 Ca influx and efflux evoked by noradrenaline and KCl-depolarisation in vascular 
smooth muscle cells (VSMCs) of isolated rat aorta. (•) Ca influx in resting tissue; (□) Ca influx in 
the presence of noradrenaline 10“ 8 M; (O) Ca influx in the presence of noradrenaline 10” 5 M. Note 
the dose-related response of Ca influx that is related to activation of a! -adrenoceptors [28]. (b) 
Comparison of Ca influx evoked by noradrenaline and KCl-depolarisation. Note a net Ca increase 
with KC1 [36]. (c) Ca efflux evoked by noradrenaline 10 5 M [28]. 
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Aequorin 

Aequorin is a Ca 2+ binding protein extracted from the jelly fish, Aequorea 
aequorea . This protein emits light at 465 nm in the presence of Ca 2+ . Ridgway 
and Ashley [82] injected this photoprotein into barnacle single muscle fibers 
and measured [Ca 2+ ]j by monitoring changes in aequorin light. Their method 
was applied to a single smooth muscle cell by Fay et al. [22]. Morgan and 
Morgan [73, 74] loaded the 21 kDa photoprotein into smooth muscle cells of 
ferret portal vein by transiently increasing the membrane permeability using a 
high concentration of EGTA, and measured [Ca 2+ ]j and contraction in isolated 
smooth muscle strips. They found that high KC1 induced a sustained increase 
in [Ca 2+ ]i during sustained contraction; both were related to the extracellular 
Ca 2+ concentration. This supported the general view that the high KCl-induced 
contraction is due to an increase in [Ca 2+ ]j resulting from activation of Ca 2+ 
influx. In contrast, stimulation of the a-adrenoceptors of ferret portal vein by 
phenylephrine induced a rapid rise of [Ca 2+ ]i to a maximum from which it 
decreased rapidly to a lower level and then declined more slowly, staying only 
slightly above basal [Ca 2+ ]j. At the same time, the muscle tension rapidly 
increased to reach maximum level and remained elevated as long as the stim- 
ulation was maintained. During the phenylephrine-induced sustained contrac- 
tion, removal of external Ca 2+ decreased [Ca 2+ ]i to a level lower than the basal 
one, but the contraction was only partially inhibited. From these results, the 
authors concluded that the contractions induced by phenylephrine and high 
KC1 were due to elevation of [Ca 2+ ]j above baseline, but that in addition, 
phenylephrine increased the effectiveness of Ca 2+ on the contractile apparatus. 
This observation that at a given [Ca 2+ ] i? receptor agonists produce a larger 
force than high KC1 during the period of force maintenance has been extend- 
ed to various vessels from different species including ferret aorta, rabbit aorta, 
guinea pig aorta, swine carotid artery and canine and bovine trachea (for ref 
see Karaki et al. [49]). 

Other fluorescent indicators 

The fluorescent Ca 2+ indicator, quin2, was synthesized by Tsien [97]. This was 
soon followed by the second generation of indicators including fura-2 and 
indo-1 [43]. These indicators are not membrane-permeable, an acetoxymethyl 
radical is attached to these molecules in order to allow them to enter the cells. 
After loading smooth muscle cells with the acetoxymethyl esters of these indi- 
cators, the acetoxymethyl moiety is cleaved by endogenous esterases and the 
indicator is trapped in the cell. 

Measurements of [Ca 2+ ]i by the fluorescent indicators in smooth muscle tis- 
sues are much more difficult than in single cells. Abe and Karaki (1989) have 
elegantly solved most of the difficulties. They showed that fura-2/ AM is insol- 
uble in physiological solutions: only a small amount disperses as particles of 
various sizes, but most of the particles are so large they are not able to diffuse 
in the extracellular space of the smooth muscle tissues. To solubilize 
fura-2/AM, they added small amounts of detergent and applied strong ultra- 




86 



T. Godfraind 



sonic waves. Using this procedure, smooth muscle tissues can be loaded with 
fura-2/AM, allowing simultaneous measurements of [Ca 2+ ]j and contraction. 
[Ca 2+ ]i measured with fura-2 showed better correlation with contraction than 
did [Ca 2+ ]j measured with aequorin. Therefore, most authors have used newly- 
synthesized fluorescent indicators instead of aequorin. An example of simul- 
taneous recording of Ca signal and contraction is given in Figure 2 (unpub- 
lished experiment). 

Furthermore, the use of confocal microscopy has shown the complexity of 
the calcium waves within the cell and has illustrated the interplay between var- 
ious calcium stores. To make the story short, as was shown by various investi- 
gators (for further information, see [49]), the main contributors to increases in 
[Ca 2+ ]i and tension are an entry of Ca 2+ through voltage-dependent channels 
opened by KCl-evoked sustained depolarization or during a transitory depo- 
larization related to action potentials (AP) evoked by various agonists and a 
Ca 2+ release from store sites in the cell by the action of IP3 or by Ca 2+ itself 
according to the mechanism known as Ca-induced Ca-release (CICR). The 
entry of Ca 2+ during an AP triggers CICR from up to 20 or more subplas- 
malemmal store sites (seen as hot spots, using fluorescent indicators). Ca 2+ 
waves then spread from these hot spots, which results in a rise in [Ca 2+ ]j 
throughout the cell. Spontaneous transient releases of stored Ca 2+ , previously 
detected as spontaneous transient outward currents (STOCs), are seen as 
sparks when fluorescent indicators are used. Sparks occur at certain preferred 
locations named frequent discharge sites (FDSs) and these and hot spots may 
represent aggregations of sarcoplasmic reticulum scattered throughout the 
cytoplasm. Activation of receptors for excitatory signal molecules generally 
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Figure 2. Contraction and Fura-2 Ca signal evoked by phenylephrine in isolated rat aorta (unpublished 
experiment). 
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depolarizes the cell while it increases the production of IP3 (causing calcium 
store release) and diacylglycerols (which activate protein kinases). Activation 
of receptors for inhibitory signal molecules increases the activity of protein 
kinases through increases in cAMP or cGMP and often hyperpolarizes the cell. 
Other receptors are linked to tyrosine kinases, which trigger signal cascades 
interacting with trimeric G-protein systems. Multiple cellular mechanisms 
have been implicated in receptor-mediated smooth muscle contraction but all 
of them ultimately converge on increased phosphorylation of myosin light 
chain [91]. Classically this has been attributed to activation of a phospholipase 
(PL) C leading to mobilization of Ca 2+ from intracellular stores and/or to acti- 
vation of voltage-operated Ca 2+ channels. In recent years a variety of addi- 
tional signalling pathways has been implicated in receptor-mediated contrac- 
tion of vascular and other smooth muscle, including activation of a PLD [1], 
of store-operated Ca 2+ channels [64], of protein kinase C [16, 17], of various 
types of tyrosine kinases including the src family, of phosphatidylinositol-3- 
kinases (PI-3-kinases), of extracellular signal-regulated kinase (ERK) forms of 
the mitogen-activated protein kinases (MAPK) and of Rho-associated protein 
kinases (for ref, see [49]). 

Calcium antagonists act at the level of one of these processes in smooth 
muscles: the voltage-dependent calcium entry. In intact arteries, the L-argi- 
nine-NO pathway has been identified as another target as this will be 
addressed below. 



Actions of CCBs in isolated arteries 

There is a general agreement to recognize that the increase in [Ca 2+ ]j in smooth 
is the result of different Ca 2+ influx pathways including receptor-linked and 
voltage-dependent Ca 2+ channels (Cav). High KC1 induces membrane depo- 
larization, which, in turn, opens the voltage-dependent Ca 2+ channels. 
Inorganic agents such as La 3+ and organic molecules including verapamil, 
nifedipine (and many other organic agents) block those channels. 
Norepinephrine releases Ca 2+ from storage sites to induce initial transient con- 
tractions and may evoke membrane depolarization that subsequently opens 
VOCs; other channels (SOCs) are also open when the internal calcium stores 
are empty. The situation might become more complex with vasoconstrictors 
such as endothelin-1 that opens various calcium entry channels and non-selec- 
tive cationic channels, depending on the concentration of the peptide 
[106-108]. The complexity increases when considering vessels isolated with 
an intact endothelium that has been shown to influence intracellular processes 
involved in vasoconstriction. Recent insight on the physiology of vascular con- 
traction supports the early choice of K-depolarized arteries in order to gain 
information on the interaction of calcium antagonists with VOCs and vessel 
contractility. 
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Role of endothelium 

Since Furchgott and Zawadzki [24] first described the endothelium-dependent 
relaxations to acetylcholine in the aorta of the rabbit, it has been established 
that the endothelium can mediate, wholly or partly, the relaxing effect of a 
large number of agents. This effect of endothelium is due to the release of fac- 
tors termed EDRF(s) [23, 45]. Endothelium also modulates the contractile 
action displayed by a wide variety of vasoconstrictor agonists [21, 61, 62]. 
Furchgott’ s discovery has prompted an extensive work dealing with the nature 
and the tissular distribution of EDRFs responsible for vasorelaxation [68]. It is 
now recognized that endothelial cells synthesize and release vasoactive medi- 
ators in response to various neurohumoural substances including bradykinin 
and acetylcholine and to physical stimuli (e.g., cyclic stretch or fluid shear 
stress). The best-characterized endothelium-derived relaxing factors are nitric 
oxide and prostacyclin. In some blood vessels endothelium releases continu- 
ously nitric oxide, this release being largely increased by the stimuli quoted 
above. Three NO-synthase isoforms function in animals and each gene is 
located on a different chromosome (for ref. [93]). Two enzymes are constitu- 
tively expressed in cells, eNOS (NOSH) in endothelium and nNOS (NOSI) in 
nervous tissue, they synthesize NO in response to increased Ca 2+ . An inducible 
NOS (iNOS also NOSIII) is synthesized in response to inflammatory or pro- 
inflammatory mediators, it usually produces large amount of NO. NO is 
formed from L-arginine and it diffuses to the target site. The initial step by 
which NO mediates vascular relaxation is likely to be activation of soluble 
guanylate cyclase, leading to an elevation of the content of cGMP in vascular 
smooth muscle [20, 79]. 

In the early 1980s, it was known that the endothelium markedly modifies the 
response to vasoconstrictor agonists in various arteries as was initially shown 
in canine and porcine coronary arteries and in the aorta of rat and rabbit [13, 
21]. Endothelium removal in the isolated aorta of the rat enhanced the con- 
tractile response to different a-adrenergic agonists, especially partial agonists, 
which only cause weak contractions in intact preparations [31]. When compar- 
ing concentration-response curves from different a-adrenergic agonists in the 
presence and the absence of endothelium, it appeared that the removal of the 
endothelium shifted the concentration-response curves to the different agonists 
to the left, with an enhancement of the maximal developed tension. This obser- 
vation was most pronounced for oxymetazoline, clonidine, and UK14,304; 
these compounds had only a negligible effect in the presence of endothelium. 
Treatment of the aortas without endothelium with a permeable analog of cGMP 
(8-bromo-cGMP) reduced the contractile response to norepinephrine. 
Measurement of calcium fluxes showed that the removal of the endothelium 
evoked a small, but significant, increase of 45 Ca entry in unstimulated prepara- 
tions. The norepinephrine-dependent 45 Ca entry was two-fold higher in prepa- 
rations without endothelium than in those with endothelium (Fig. 3). In the 
preparations with endothelium, blockade of guanylate cyclase (with methylene 
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Figure 3. Influence of endothelium and of cGMP on contraction and 45 Ca entry evoked by noradren- 
aline. Upper panel: Tonic contractile force (expressed in milligrams) developed by rings of rat aorta 
stimulated with noradrenaline (10“ 8 M). Each value is mean of six determinations, and S.E. is indi- 
cated on the graph. E(+), preparations with endothelium intact treated with methylene blue for 10 min 
before noradrenaline; E(-), preparations where endothelium was removed; E(-) + cGMP. preparations 
where endothelium was removed and treated with 8-bromo-cGMP (0. 1 mM for 30 min before nora- 
drenaline). Lower panel: 45 Ca influx (expressed in nmol/kg wet weight) in preparations treated with 
noradrenaline (1(T 8 M for 2 min). Each value is the mean of 12 determinations, and the S.E. is indi- 
cated on the graph. The symbols in the lower panel are the same as those in the upper panel. From 
[29], modified. 



blue), enhanced the norepinephrine-dependent 45 Ca entry to levels similar to 
those found in preparations without endothelium. These observations showed 
the involvement of the 1-arginine-NO pathway in both 45 Ca entry and contrac- 
tion evoked by adrenergic agonists. It appeared to be related to the efficacy of 
the given adrenergic agonist indicating that the efficacy of vasoconstrictor 
could be related to the gating of calcium channels controlled by EDRF through 
production of cGMP [29]. This gating action is likely indirect due to an effect 
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Figure 4. Effect of nitroarginine, a blocker of NO-synthase, and of the subsequent addition of Sin-1, 
which spontaneously released NO, on the membrane potential of rat aorta smooth muscle cell. Note 
depolarization with nitroarginine and hyperpolarisation with Sin-1. From [60], modified. 



of NO on membrane potential [6, 60]. In rat aorta and other vessels, NO hyper- 
polarizes the cells by a direct action on K channels (Fig. 4). Another example 
of the role of endothelium on the responsiveness of arteries to vasoconstrictors 
is given by Figure 1, page 153. This figure illustrates the contractile response 
of isolated rat basilar artery to serotonin (5 HT), known as a physiological stim- 
ulant of cerebral arteries. Endothelium dysfunction is indicated by reduction of 
acetycholine (Ach)-evoked relaxation of precontracted vessel. When compared 
to vessel with endothelium, the response of vessel without endothelium was 
observed at lower concentration of 5 HT and the maximum response was about 
40% higher [86a]. 

However, effect on calcium influx is not the unique action of NO on ago- 
nist-evoked calcium movements in smooth muscle. As shown by Lang and 
Lewis [61, 62] cGMP is also involved in the inhibition of agonist-induced 
inositol 1,4,5-triphosphate production; this leads to inhibition of the intracel- 
lular calcium release also implicated in regulation of vascular tone. NO has 
many other effects on cell function. The action of the increase of cellular 
cGMP on both [Ca 2+ ]i and contraction has been examined by Salomone et al. 
[87], as Figure 5 illustrates, for a given cytosolic concentration of Ca, the con- 
tractile force was lower in preparations exposed to BrcGMP than in controls, 
indicating that cGMP could decrease the affinity of contractile machinery for 
Ca. Much evidence suggests that the initial phase of agonist-induced force 
generation is related to increase in intracellular Ca 2+ . However, the maintained 
portion of contraction is also regulated by a Ca 2+ - sensitization mechanism 
mediated by the activity of RhoA/Rho-kinase. NO is known to stimulate an 
increase in cGMP levels, leading to the activation of cGMP-dependent protein 
kinase (cGK). Studies have reported recombinant cGK to phosphorylate 
RhoA, destabilizing the membrane binding of RhoA, thus providing a mecha- 
nism by which NO may inhibit RhoA/Rho-kinase activity and thereby 
decrease the contractile force evoked by an agonist inducing the translocation 
of RhoA [12]. 

Some endothelium-dependent relaxations and hyperpolarizations can be 
partially or totally resistant to inhibitors of cyclooxygenases and nitric oxide 
(NO) synthases and can occur without an increase in intracellular levels of 
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Figure 5. Contractile force of isolated rat aorta as a function of cytosolic Ca 2+ concentration before 
(untreated) and after exposure to 0.1 mM Br-cGMP. Modified from [87]. 



cyclic nucleotides in the smooth muscle cells, indicating the existence of an 
additional pathway that involved smooth muscle hyperpolarization attributed 
to the putative endothelial factor called endothelium-derived hyperpolarizing 
factor (EDHF). The hyperpolarization originally attributed to the release of the 
endothelium-derived hyperpolarizing factor (EDHF) was assumed to diffuse to 
and activate smooth muscle K + channels. More recent evidence suggests that 
endothelial cell receptor activation by acetylcholine and other neurohumoural 
substances opens endothelial cell K + channels. Several mechanisms have been 
proposed to link this pivotal step to the subsequent smooth muscle hyperpo- 
larization. The endothelial hyperpolarization could spread to the adjacent 
smooth muscle cells through myo-endothelial gap junctions or the efflux of K + 
through the endothelial potassium channels could elicit the hyperpolarization 
of the surrounding myocytes by activating K IR channels and/or the Na + -K + - 
ATPase. These mechanisms are not necessarily mutually exclusive [10]. 
Hyperpolarization of smooth muscle produces relaxation by reducing both the 
open probability of voltage-dependent Ca 2+ channels and the turnover of intra- 
cellular phosphatidylinositides, thus decreasing the intracellular Ca 2+ concen- 
tration [Ca 2+ ]i. The contribution of EDHF-mediated responses as a mechanism 
for endothelium-dependent relaxation increases as the vessel size decreases. In 
some tissues, the activation of cytochrome P450 and the resulting generation 
of EETs might regulate the hyperpolarization of the endothelial cells. The rel- 
ative proportion of each EDHF mechanism almost certainly depends on 
numerous parameters including the state of activation of the vascular smooth 
muscle, the density of myo-endothelial gap junctions and the level of the 
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expression of cytochrome P450 and the appropriate isoforms of Na + -K + - 
ATPase and/or K IR channels. There are species differences that are the subject 
of experimental studies. In mice, EDHF-mediated responses in resistance ves- 
sels are at least as important as endothelium-derived NO in mediating agonist- 
induced, endothelium-dependent vasodilatation because neither deletion of the 
gene encoding endothelial NO synthase nor inhibition of NO-synthase attenu- 
ates agonist-induced vasodilator responses in vivo and in vitro [7]. A role for 
EDHF in endothelium-dependent vasorelaxation is assumed in the presence of 
a cyclo-oxygenase inhibitor when the relaxation is not sensitive to a blocker of 
NO-synthase, the enzyme responsible for the formation of NO (Fig. 6). 



Without L-NA With L-NA 





Figure 6. Relaxation to acetylcholine of pre-contracted rat mesenteric arteries isolated from various 
strains, all showing a residual hyperpolarisation that is attributed to EDHF after exposure to LNNA, 
a blocker of NO-synthase. Modified from [25]. 



Inhibition of K- depolarization evoked contraction 

Because, depolarization-induced contraction is primarily maintained by a sus- 
tained increased in intracellular Ca 2+ , this mode of activation seems particu- 
larly suitable for the study of the interaction of CCBs with calcium channels 
in various controlled conditions. 

In resting conditions, when an isolated rat aorta is bathed in physiological 
solution containing 45 Ca, the specific activity of intracellular calcium increas- 
es slowly with the duration of incubation and reaches a plateau after 1 or 2 hr, 
when inward and outward movements of 45 Ca become equal. The initial rate 
of uptake of 45 Ca may be taken as reflecting an inward influx. When the intra- 
cellular fraction is completely loaded with 45 Ca, the initial rate of 45 Ca loss 
after transfer to a non-radioactive solution depends mainly on outward move- 
ments. The calcium influx rate under resting conditions is about 0.014 and 
0.03 pmol cm _2 s _1 , respectively, in the rat aorta and in the rabbit aorta. This 
calcium influx has been termed “passive Ca 2+ leak”, because it is thought to 
occur through pathways that differ from those involved in calcium influx 
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evoked by stimulating agents. This calcium influx through leak channels is 
resistant to Ca antagonists. As shown by our group some years ago [36], nora- 
drenaline and KC1 stimulations evoke a 20-fold increase in the rate of calcium 
influx through channels sensitive to calcium antagonists. This stimulated 
influx is blocked by calcium antagonists at concentrations reducing the con- 
tractile response, and inhibition of contraction may be related to blockade of 
voltage-operated Ca 2+ channels, since dose-effect curves relating the degree of 
inhibition of Ca influx and of contraction to the concentration of the Ca antag- 
onist are superimposed as this is shown on Figure 7 for nifedipine. In isolated 
smooth muscle cells voltage-clamped with a single-patch electrode technique 




Nifedipine <n> 

Figure 7. Action of various concentrations of nifedipine on Ca evoked contraction and Ca influx. 
Upper panel: contraction in isolated rat aorta with various concentration of nifedipine, from 3 x 10“ 10 
up to 10” 6 M. Lower panel: Reduction by nifedipine of rat aorta K-contraction (O), Ca influx in depo- 
larized aorta (A), K-contraction in rat mesenteric artery (•) and Ca influx in depolarized mesenteric 
artery (A), modified from [26]. 
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(whole cell recording), Klockner and Isenberg [57] have observed that the 
dihydropyridine niguldipine reduced Ca 2+ currents at pharmacologically active 
concentrations. A similar observation had been made by Terada et al. [96] with 
the calcium antagonist flunarizine. Mironneau [67] showed that when meas- 
ured in similar conditions, the IC50 value of isradipine on Ca 2+ currents was 
similar to the IC50 value on contraction. Thus, data obtained from electro- 
physiological studies are consistent with those obtained from radiochemistry. 

With various dihydropyridines so far studied, there is a close similarity 
between IC50 values obtained on intact tissue and Ki values measured in bind- 
ing studies performed on microsomal preparations. This shows that the phar- 
macological action of calcium antagonists may be related to specific binding 
sites. Furthermore, the use of enantiomeric pairs of dihydropyridines has 
demonstrated the stereoselectivity of the binding confirming its specificity 
(Tab. 1) [35, 88]. Using the digitonin shift method, allowing to identify activ- 
ities associated with the plasma membrane, we observed that dihydropyridine- 
specific binding sites are associated with the plasmalemmal membrane of the 
smooth muscle cell, as shown by the higher amount of specific binding sites in 
the microsomal fraction. Binding sites have been identified in mitochondria, 



Table 1. Chirality on action and affinity of calcium antagonists (for ref. see [27]) 



Drug 


Action 

IC 50 (nM) at 35 min 
K-depolarization 


Affinity K d 


or Ki (nM) 




Intact tissue 


Membranes 


(+) Isradipine 








rat aorta 


0.092 


0.068 


0.085 


rat mesenteric artery 


0.033 


0.025 


0.055 


rat cerebral microvessels 




0.024 




(-) Isradipine 








rat aorta 


12.3 




14.9 


rat mesenteric artery 
rat cerebral microvessels 


5.0 






(-) Nimodipine 








rat aorta 


0.234 




0.546 


rat cerebral microvessels 




0.23 


0.100 


(+) Nimodipine 








rat aorta 


1.371 




2.89 


rat cerebral microvessels 




2.0 




S(+) 312 








rat aorta 


0.14 






rat cerebral microvessels 




0.12 




R(-) 3 1 2 








rat aorta 


2.98 






rat cerebral microvessels 




2.4 
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they show low affinity binding that is enhanced by Ca 2+ at high ionic strength. 
This is at variance with the binding sites found on plasmalemma membranes. 
Furthermore, these mitochondrial sites do not exhibit stereoselectivity and are 
not involved in the regulation of smooth muscle tone [88], 

Kinetic studies have pointed out disparities between CCBs for inhibition of 
contraction. Confirming our previous experiments performed in rat aorta, 
Figure 8 shows the time course of human coronary artery preparations evoked 
by KC1 before and after treatment with: nifedipine, nisoldipine, diltiazem and 
verapamil. The pattern of inhibition of the contraction differs according to the 
calcium-channel blocker used. With nifedipine, diltiazem and verapamil, the 
inhibition of KCl-evoked contraction increases little with time during a 30 min 
stimulation period. On the other hand, with nisoldipine the inhibition develops 
more gradually. This time-dependent pattern of inhibition of KCl-evoked con- 



I. 



Untreated 




Figure 8. Typical tracings of the contractile response to 100 mM KC1 of human coronary artery before 
and after a 90 mm exposure to calcium antagonists: a, control; b, diltiazem; c, verapamil; d, nifedip- 

"J c ’ e ’ nisol< Jipi |le - Note that nisoldipine inhibition increases with prolonged depolarization From 
[30], modified. 
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tractions could be reproduced in successive contractions, separated by a rest- 
ing period of 30 min in physiological solution in the presence of the drug, indi- 
cating that the pre-incubation time before stimulation was not the factor 
responsible for the discrepancies between CCBs. Figure 9 shows with 
(+)isradipine that the kinetics of inhibition during depolarization is superim- 
posed on the kinetics of binding to calcium channels in membranes isolated 
from smooth muscle. A similar observation was done with lacidipine [86]. 
This suggests that depolarization induces a conformational change in the cal- 
cium channels, resulting in an increased affinity for dihydropyridines, and that 
this high-affinity form is similar to that found in isolated membranes. This 
hypothesis has been confirmed in isolated rat mesenteric arteries by Morel and 
Godfraind [71, 72] who have studied how the resting membrane potential 
influences both the pharmacological effect and the specific binding of calcium 
antagonists in intact arteries. A typical study with (+)isradipine [(+)PN 200- 
110] has been reported by Morel and Godfraind in rat mesenteric arteries. The 
time course of the K + contraction of the rat mesenteric artery in the presence 
of (+)PN 200-110 is characterized by a time-dependent decrease in tension 
until a steady-state inhibition is reached, as already shown for other dihy- 




Figure 9. Comparison between kinetics of 3 H-(+)PN 200-110 association with its specific binding site 
(• = 0.1 nM; ■ = 0.3 nM) and (+)PH 200-10 inhibition of K + -evoked contraction of rat aorta 
(O = 0.1; □ = 0.3 nM (+)PN 200-110). Inset: Mechanical responses to KCI depolarisation of rat aor- 
tic rings with control (upper curve), rings treated with 0.1 (O) or 0.3 nM (□) (+)PH 200-110. 
Reprinted from [102], with the permission of the copyright holder, American Heart Association, 
Dallas. 





The action of calcium antagonists on Ca 2+ movements in isolated vessels 



97 



dropyridines in the rat aorta. Dose-effect curves for inhibition measured 2 and 
30 min after initiation of depolarization are characterized by IC50 values equal 
to 270 ± 65 and 33 ± 3 pM, respectively. The inhibitory potency of (-)PN 200- 
1 10 is also time-dependent, IC50 values measured at 2 and 30 min in K + solu- 
tion being equal to 16 ± 4 and 5 ± 3 nM, respectively. Thus, the effect of 
PN 200-110 is stereoselective, the (+) enantiomer being markedly more potent 
than the (-) enantiomer. 3 H-(+)PN 200-110 binding has been determined in 
mesenteric arteries bathed in normal and high K + solutions. Non-specific bind- 
ing is not different in polarized and in depolarized arteries. On the contrary, as 
shown in Figure 10, the specific binding is markedly enhanced in depolarized 
arteries. Experimental estimates of the specific binding are well fitted by one 
hyperbolic curve, indicating a one-to-one binding of (-i-)PN 200-110 to a sin- 
gle class of sites. Fitting of the data reveals that membrane depolarization sig- 





i/t pn 

Figure 10. Binding of 3 H-(+)PN 200-110 to isolated mesenteric arteries. (A) Saturation study of the 
specific binding of 3 H-(+)PN 200-110 in mesenteric arteries bathed in physiological solution (•) and 
in KCI depolarising solution (A). Each point represents the mean ± SE of measurements obtained 
from 6-18 rings. (B) Double-reciprocal plot of the same data. Modified [71]. 
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nificantly lowers apparent Kd, while maximum binding capacity is not signif- 
icantly affected. Reciprocal plot of the same data (Fig. 10B) shows that both 
curves intersect at the same point on the 1/B axis, confirming that the Bmax 
value is not different in arteries bathed in physiological and in ^-depolariz- 
ing solutions. The Kd value obtained in depolarized arteries (25 pM) is simi- 
lar to that reported for (+)PN 200-110 in membrane preparations from other 
tissues and is close to the IC50 measured after 35 min of depolarization. These 
data indicate that, like its pharmacological effect, the binding of PN 200-110 
to intact tissue is stereospecific and voltage-dependent. 

Analysis of the interaction of various CCBs with specific binding in iso- 
lated arteries at various resting potentials has revealed interesting differences 
between molecules. For instance, we have compared the effects of nifedipine, 
(+)PN 200-110 and flunarizine on specific binding of 3 H-(+)PN 200-110 in 
intact mesenteric arteries [72]. Segments of mesenteric arteries were incubat- 
ed either for 90 min in physiological solution in the presence of 100-pM 
3 H(+)PN 200-110 or for 60 min in physiological solution followed by 30 min 
in KC1 depolarizing solution, both solutions containing 40 pM 3 H-(+)PN 200- 
110. These concentrations of radioligand labelled about 30% and 50% of the 
total number of binding sites, respectively, in polarized and in depolarized 
arteries. Nifedipine and (+)PN 200-110 inhibited the specific binding of 3 H- 
(+)PN 200-110 dose-dependently in polarized, as well as in depolarized arter- 
ies. In arteries incubated in KC1 medium, the curve describing the displace- 
ment of the tritiated ligand by cold (+)PN 200-110 was shifted to the left of 
that obtained in NaCl medium. This is consistent with saturation studies, 
which showed a significant increase in 3 H(+)PN 200-110 binding affinity in 
depolarized arteries compared with arteries bathed in normal physiological 
solution [71]. By contrast with (+) PN 200-110, the effectiveness of nifedip- 
ine is not significantly modified by prolonged depolarization, and Ki values 
calculated from the displacement curves obtained in polarized and in depo- 
larized arteries are not significantly different indicating a similar degree of 
interaction of nifedipine with calcium channels in both resting and depolar- 
ized tissue. 

The modulated receptor model may help to describe the interaction of cal- 
cium antagonists with Ca v 1.2 (L-type) channels. According to this model, the 
channel can exist in three convertible states: the resting state, when the chan- 
nel is closed but available for opening, and which predominates in polarized 
cells; the open or activated state, which is promoted by depolarization pulses 
beyond a certain threshold; and the inactivated state, when the channel is 
closed, but unavailable for opening. The inactivated state is favored by pro- 
longed depolarization. Most 1 ,4-dihydropyridines bind preferentially to the 
inactivated state of Ca v 1.2 channels. Therefore, depolarizing holding poten- 
tials that increase the proportion of inactivated channels, but fail to open them, 
enhance their inhibitory potency. As resting and inactivated channels are in 
equilibrium, drug binding to inactivated channels decreases the proportion of 
channels that are available for activation. If K L and K H are dissociation con- 
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stants for low-affinity and high-affinity states, respectively, and L is the frac- 
tion of channels in the resting state in the absence of the drug, the model that 
is schematically illustrated by Figure 11 predicts that at any given holding 
potential, the concentration dependence of drug binding, and thus of calcium 
current inhibition, follows a simple adsorption isotherm with an apparent dis- 
sociation constant that is given by: 

Kapp = 1/[(L/K l ) + (1 - L)/K h ]. 

Electrophysiological data are also consistent with this model. In canine ventri- 
cle myocytes, K L and K H for nitrendipine are equal to 730 and 0.25 nM, 
respectively [4], in smooth muscle cells from the rat mesenteric artery [4] and 
dog saphenous vein [104], K L values were estimated to be 222 and 10 nM and 
K h values 0.46 and 0.25 nM, respectively. For nisoldipine, Nelson and Worley 
[76] estimated, in rabbit mesenteric artery exposed to 1 pM Bay K 8644, 




> > > K h 



Figure 1 1 . Cartoon representation of binding sites for lacidipine (laci) on calcium channels in polar- 
ized and depolarized cells. The high-affinity configuration (low dissociation constant, K H ) is related 
to the inactivated state of the channels. The low-affinity configuration (high dissociation constant, Kj ) 
is related to the resting state. 
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apparent dissociation constants of 12.1 and 1.9 nM, respectively, for depolar- 
ization of the holding potential from -100 to -55 mV. 

The role of the pre-existing membrane potential in the sensitivity of a given 
tissue to the action of a calcium antagonist in isolated rat aorta is illustrated in 
Figure 12 for nisoldipine and for lead compounds of the three main classes of 
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Figure 12. Inhibition produced by calcium antagonists on KCI-induced contraction of rat aorta after 
preincubation in physiological solution or in 40 mM KCI solution. After recording of control con- 
tractions, aortic rings were preincubated for 60 min in the presence of calcium antagonists (at the con- 
centration shown on the figure) in physiological solution. They were then incubated for 30 min in zero 
Ca“ + physiological solution with calcium antagonists before contraction was elicited by exposure to 
100 mM KCI solution for 2 min, in the continuous presence of calcium antagonists (run I). Aortic 
rings were thereafter incubated for 30 min in zero Ca 2+ , 40 mM KCI-depolarising solution contain- 
ing the same concentration of calcium antagonists before a second run of contraction was recorded. 
At the end of this contraction, aortic rings were incubated further in zero Ca 2+ physiological solution 
with calcium antagonists and a third run of contraction was recorded. Dilt, diltiazem; Ver, verapamil; 
Nif, nifedipine; Nis, nisoldipine. Redrawn from [30]. 
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calcium antagonists (nifedipine, verapamil and diltiazem) [30]. The inhibition 
of the contraction in response to a short test pulse of KC1 was tested after an 
incubation of vascular rings in the presence of a fixed concentration of nisol- 
dipine, nifedipine, verapamil and diltiazem for 60 min in physiological solu- 
tion followed by 30 min incubation either in physiological solution 
(KC1 = 5.9 mM) or in 40-mM KCl-depolarizing solution. This study showed 
that the effectiveness of nisoldipine as an inhibitor of the contraction was 
enhanced after preincubation of the tissue in 40 mM KC1 (run 2). With vera- 
pamil, diltiazem and nifedipine as inhibitors, incubation in 40 mM KC1 did not 
produce increased inhibition. The increased inhibition of nisoldipine observed 
after preincubation in high KC1 solution was reversed when arteries were fur- 
ther equilibrated in normal physiological solution (run 3); there was no change 
in the action of the other CCBs. Such experiments allowed the pharmacologi- 
cal identification of CCBs with a higher affinity for inactivated than for closed 
channels. Those may be termed voltage-dependent CCBs. They belong to the 
group characterized by a high vasoselectivity. 

Because the apparent affinity of the voltage-dependent CCBs for Ca 2+ chan- 
nels is related to the resting membrane potential, the degree of initial inhibi- 
tion of a vasoconstrictor stimulus may differ along the vascular tree, since the 
resting membrane potential varies between vessels. For instance, cerebral 
microvessels, which display a resting membrane potential less negative than 
peripheral vessels, are more sensitive to nimodipine, a voltage-dependent 
CCB, than conduit arteries. In addition to its tissue distribution, this account 
for the selectivity of nimodipine for the cerebral circulation [70]. 



Inhibition by CCBs of agonist-evoked contraction of vascular smooth 
muscles 

As was summarized above, the contraction of vascular smooth muscle, evoked 
by neurotransmitters and autacoids, is the result of several factors: a) depolar- 
isation, which is responsible for stimulation of calcium entry; b) calcium 
release from intracellular stores, which activates a further refilling by external 
calcium; and c) increase in the sensitivity of the contractile proteins to calci- 
um. It is likely that the relative importance of these mechanisms of activation 
is not identical for different agonists, which are not necessarily present in vivo 
at the concentration required to observe an appreciable response in an organ 
bath. Several authors have attempted to establish the relation existing between 
[Ca 2+ ]j changes and the force of contraction of isolated vessels following the 
activation by catecholamines, prostanoids, endothelin, angiotensin II, PDGF 
and other vasoconstrictors. Those studies have revealed differences of this 
relation among vessels. They have also shown that the origin of activator cal- 
cium may vary and that is not always related to depolarization and conse- 
quently to the activation of VOCs. As far cathecholamines are concerned, as 
reviewed by Karaki et al. [49] experimental results indicate that activation of 
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the a ! -adrenoceptor releases Ca 2+ in rat aorta and portal vein. However, this 
receptor is not coupled to Ca 2+ release in ferret aorta and only weakly coupled 
to Ca 2+ release in rat tail artery. This receptor may also be directly coupled to 
the L-type Ca 2+ channel and to Ca 2+ sensitizing mechanism in some types of 
smooth muscle. In contrast, the activation of a 2 -adrenoceptor, which increas- 
es [Ca 2+ ]j stimulates neither phosphoinositide turnover nor Ca 2+ release from 
intracellular stores. In isolated cell studies, pre-treatment of cells with pertus- 
sis toxin abolishes the elevation of [Ca 2+ ]j suggesting the involvement of a Gi- 
like GTP-binding protein. By measuring simultaneously [Ca 2+ ]i and contrac- 
tion in ferret portal vein, Morgan and Morgan [74] have shown that phenyle- 
phrine produces a larger force than high KC1 for a similar augmentation of 
[Ca 2+ ]i. Similar results were obtained in guinea pig aorta [46], swine carotid 
artery [80] and rat aorta [50]. In rat and rabbit mesenteric artery permeabilized 
by a-toxin, Nishimura et al. [77] have shown that norepinephrine augmented 
the contraction induced by Ca 2+ . The response to norepinephrine was 
increased by GTP and inhibited by guanosine-5'-0-|3-thiodiphosphate 
(GDPpS), suggesting that the change in Ca 2+ sensitivity is mediated by a GTP- 
binding protein coupled with the a-adrenoceptor. It is therefore not surprising, 
considering the complexity of the Ca signaling processes including the L-type 
Ca 2+ influx, that verapamil reduced the norepinephrine- stimulated Ca entry 
more than the contraction as was observed in rat aorta [50]. 

Endothelin 

Endothelin-1 (ET-1) is a 21 -amino acid peptide produced by the endothelium 
of the vascular wall [103], it exhibits a very powerful vasoconstrictor action in 
various animal and human vessels both in vitro and in vivo. Therefore, 
endothelin has been proposed to be one of the factors responsible for the 
pathogenesis of coronary ischaemic syndromes and of hypertension. However, 
in vivo studies have shown that the action of endothelin is surprisingly more 
complex than that predicted from in vitro studies. Indeed, as shown by 
D’ Orleans Juste et al. [14], endothelin can produce a decrease in perfusion 
pressure in some vascular beds and even a transitory fall in blood pressure. 
This action of endothelin, which has been attributed to the release of endothe- 
lium-derived relaxing factors (EDRF) in the venous side of the circulation, 
may be reproduced on isolated veins in vitro [37]. The ability of endothelin to 
release EDRF is not limited to the venous endothelium, it has been shown that 
endothelin triggers NO formation via ET B receptors on the endothelium of 
arteries. The resulting activation of soluble guanylate cyclase, stimulates 
cGMP production is followed by the relaxation of the artery as was shown for 
the rat thoracic aorta [75]. Other studies have shown that endothelin may also 
exhibit at sub-threshold concentration an action that is detectable only when 
the artery is exposed to another vasoactive agent. This action appears to be dif- 
ferent from the direct vasoconstrictor action and may be ascribed as a pre-con- 
ditioning effect, resulting in the amplification of the response to the other vaso- 
constrictors. Figure 13 illustrates a pre-conditioning action of endothelin, 
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Figure 13. Potentiation by a sub-threshold concentration of endothelin-1 (ET-1) of the contractile 
response to BayK8644 of isolated rat aorta without endothelium [E(— )] . Modified from [34]. 



using an activator of Ca v 1.2 (L-type) as an agonist. It shows how the vaso- 
constrictor action of this agent is amplified by a sub-threshold concentration of 
ET-1. Amplification was also observed with adrenoceptor agonists and was 
related to increased Ca entry during receptor stimulation [34], an effect ampli- 
fied by high-salt diet [90]. This amplification is not limited to rat aorta, as it 
has been observed in many vessel with various agonists including cerebral 
arteries stimulated by serotonin, the physiological regulator of their tone [85] 
and human coronary arteries also stimulated by serotonin, a putative patho- 
physiological transmitter (Fig. 14) [3]. 

Endothelin-1 by acting on the ET A receptor, increases IP3 production and 
releases Ca 2+ to induce an initial transient increase in [Ca 2+ ]j in some types of 
smooth muscle. However, this Ca 2+ increase is not always coupled to myosin 
light chain (MLC) phosphorylation or contraction. Endothelin-1 also opens 
the L-type Ca 2+ channel to induce a sustained increase in [Ca 2+ ]j and a sus- 
tained contraction. Non-L-type Ca 2+ entry pathway may also be activated. In 
some smooth muscles, the Ca 2+ sensitivity of contractile elements is increased 
by endothelin-1. Activation of the ET A receptor elicits sustained contractions 
with sustained increases in [Ca 2+ ]i in various vessels in vitro including: rat 
aorta, rat carotid artery [78], swine carotid artery [81], rabbit mesenteric artery 
[105] and human coronary arteries [3]. The initial portion of the increase in 
[Ca 2+ ]j is due to the formation of IP3 [65], which is resulting in Ca 2+ release. 
Sustained increases in [Ca 2+ ]i due to endothelin-1 are inhibited by removal of 
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Figure 14. Typical recording of contraction of a human proximal artery segment with two concentra- 
tions (0.3-1 pM) of serotonin (Ser), before and after 90 min incubation with a sub-threshold concen- 
tration (100-300 pM) of endothelin-1 (ET-1). Hist, histamine. Modified from [3]. 



external Ca 2+ and, also, by CCBs in swine coronary artery [42], in rat aorta 
[84], in rabbit mesenteric artery [105], in rabbit aorta [5] and in human coro- 
nary arteries [3]. The sensitivity to CCBs suggests that endothelin-1 opens the 
L-type Ca 2+ channel and elicits a sustained increase in [Ca 2+ ]i although the 
processes involved appear more numerous. When ET-1 concentration is low, 
oscillatory contractions are observed that are related to oscillations of the 
intracellular Ca concentration (Fig. 15). Different non-specific voltage oper- 
ated channels are also involved in the entry of calcium [106]. The endothe- 
lin-1 -induced contraction is greater than that induced by high KC1 at a given 




£ 

E 

o 



lmin 



L-Nis lpM 




Figure 15. Fura-2 loaded human coronary artery. Typical recording of changes in cytosolic calcium 
(Ca 2+ cyt, upper tracing) and in force development (lower tracing) during spontaneous activity, show- 
ing the action of nisoldipine Nis, 1 pM). Modified from [38]. 
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[Ca 2+ ]j in rat aorta [84], and swine coronary artery [58, 59]. Endothelin-1 also 
augments the Ca 2+ -induced contraction in permeabilized smooth muscle [94]. 
Endothelin-1 elicits a greater MLC phosphorylation than high KC1 at a given 
[Ca 2+ ]j in swine carotid artery [80], rat aorta [44] and rabbit mesenteric artery 
[105]. In rabbit mesenteric artery, the increase in MLC phosphorylation is not 
altered by changes in [Ca 2+ ] i9 suggesting that it could result from C kinase 
activation rather than from MLC kinase activation [95]. Endothelin-1 also acts 
on the ET b receptors localized on smooth muscle membrane, which may be 
coupled to Ca 2+ influx pathway and Ca 2+ sensitization but not to phos- 
phatidylinositol turnover. Stimulation of the ET B receptor, therefore, increas- 
es [Ca 2+ ]j and induced contraction which is greater than that induced by high 
KC1 at a given [Ca 2+ ]j without inducing Ca 2+ release. In swine pulmonary 
vein, porcine coronary artery endothelin-1 acts on the ET B receptor and 
increases both [Ca 2+ ]i and Ca 2+ sensitivity although it does not induce Ca 2+ 
release, indicating that the ET B receptor is coupled to Ca 2+ influx but not to 
Ca 2+ release [94]. 

When considering the action of CCBs on ET-1 -evoked vasoconstriction, it 
appears that, due to the complexity of ET-1 intracellular pathways leading to 
contraction, the direct vasoconstrictor action is not everywhere sensitive to the 
presence of calcium antagonists, indicating that L-type Ca currents are not 
everywhere involved in contraction. Whereas the pre-conditioning action iden- 
tified by the amplified response to other vasoconstrictors is highly sensitive 
even in vessels where the direct action is resistant to CCBs [34]. The amplify- 
ing action of a given agent does not necessarily involve calcium channels, sev- 
eral other pathways may operate as for instance an increase of the sensitivity 
of the contractile machinery to the activation by calcium. In addition to the 
regulation of [Ca 2+ ]j at the level of calcium channels, IP3CaR and/or CalCaR, 
an induction of contraction by the stimulation of a receptor may be modulated 
by activation of MLC kinase (MLCK) and phosphorylation of MLC [49]. A 
first mechanism is the inhibition of Ca 2+ -calmodulin-dependent protein kinase 
II (CaMKII), which phosphorylates MLC kinase inhibiting its activity. A sec- 
ond mechanism is the inhibition of MLC phosphatase (PPase). Arachidonic 
acid, produced by receptor-mediated activation of phospholipase A2, may 
directly inhibit phosphatase. C kinase and tyrosine kinase may also inhibit 
phosphatase by inhibiting the endogenous inhibitor of phosphatase. A third 
mechanism is the increase of free calmodulin concentration. A fourth mecha- 
nism is to activate actin independently of MLC phosphorylation. The com- 
plexity of the mechanisms activated by ET-1 indicates that CCBs could not be 
expected to blunt all the effects of this peptide on vascular tone. 

Endothelin immunoreactivity has been detected in human plasma [15], but 
at very low circulating levels. It is likely that the actual concentration at the site 
of arterial spasm or in the interstitium surrounding the vascular smooth mus- 
cle may be higher than in plasma. However, it is likely that it does not reach 
the level of concentration required in vitro in order to evoke contraction of vas- 
cular smooth muscle. Most likely, in vivo , the low level of endothelin produced 
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by endothelium may merely amplify the constrictor effect of other circulating 
hormones or autacoids. In the case of the coronary circulation, clinical studies 
have emphasized the role of serotonin in acute ischaemic heart diseases [39], 
and potentiation by low level of endothelin or serotonin locally released from 
activated platelets may contribute to the pathogenesis of ischaemic heart dis- 
ease. 

Cathecholamines 

Stimulation of a 1 -adrenoceptors by noradrenaline increases cytosolic free cal- 
cium and produces a contraction. This contraction may be characterized by an 
initial fast component followed by a sustained tonic component. It has been 
known for a long time [32, 33] that the initial fast component of the contrac- 
tion evoked by high concentration of noradrenaline persisted in the absence of 
extracellular calcium, implying that noradrenaline releases calcium from intra- 
cellular stores. It is now well established that activation of a r -adrenoceptors 
causes the hydrolysis of inositol phospholipids through the coupling of the 
adrenoceptor with phospholipase C. Inositol 1,4,5-triphosphate released into 
the cytosol then induces the release of calcium from internal stores, which is 
responsible for the initial phase of the contraction [66]. The tonic-sustained 
component is partly dependent on the noradrenaline-dependent calcium influx 
related to the opening of channels allowing calcium to enter the cell according 
to its electrochemical gradient [28]. Calcium antagonists prevent this increased 
calcium entry without affecting resting calcium fluxes or intracellular calcium 
release. It has been observed that they are less potent against calcium entry 
stimulated by receptors than by high potassium depolarisation [36]. Therefore, 
some authors [11, 92] have hypothesized the existence of calcium channels 
gated by receptor activation (ROCs) and calcium channels gated by potential 
(VDCs) [6a], the former being less sensitive and the latter being more sensi- 
tive to the action of calcium antagonists. Morel and Godfraind [69] have inves- 
tigated whether the apparent existence of two different calcium entry pathways 
with differing sensitivity to calcium antagonists could be related to different 
degrees of activation of L-type calcium channels (Ca v 1.2) by noradrenaline 
and K-depolarisation. The analysis of the effect of nisoldipine in rat aorta 
shows that although agonists and depolarization-induced responses have dif- 
ferent sensitivities to this dihydropyridine, this does not necessarily mean that 
responses are mediated by different calcium channels. While the potency of 
nisoldipine is higher against the 100 mM KCl-induced contraction than against 
the noradrenaline-induced contraction when measures of the inhibition are 
performed after prolonged contraction, there is no significant difference 
between the IC50 value of nisoldipine on calcium entry and contraction 
induced by 100 mM KC1 solution or by noradrenaline, when the responses are 
measured after a short duration of stimulation. Furthermore, the inhibitory 
potency of nisoldipine on the response evoked by brief application of nora- 
drenaline may be increased by pre-incubation of the tissue with the dihy- 
dropyridine in depolarizing solution. This suggests that noradrenaline-evoked 
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contractions depend, at least partly, on the same nisoldipine-sensitive calcium 
entry pathway as depolarization-induced contraction. 

Modulation of the voltage-dependent binding sites of the dihydropyridines 
by noradrenaline has been confirmed in radioligand experiments. 
Noradrenaline produces an increase in the affinity of both nisoldipine and 
isradipine, comparable to that of 20 mM KC1, which is likely to be the result 
of the small depolarization produced by noradrenaline. Thus, nisoldipine inhi- 
bition of noradrenaline-induced effects is modulated by the preexisting mem- 
brane potential of the tissue, which, in turn, modulates the affinity of the bind- 
ing sites for nisoldipine. Furthermore, noradrenaline, by its depolarising effect, 
modulates the interaction of nisoldipine with its binding sites on calcium chan- 
nels in intact tissue and, in turn, its own inhibition by nisoldipine. 

Electrophysiological studies may also help to demonstrate this activation of 
voltage-operated calcium channels by noradrenaline [63]. In rat aorta, nora- 
drenaline produces a dose-dependent depolarization of the vascular smooth 
muscle [60]. This depolarization of vascular smooth muscle may be character- 
ized by the existence of two thresholds: a lower one for a sustained tonic depo- 
larization, and the other for the activation of oscillatory potentials. These oscil- 
latory potentials are absent when calcium is removed from the extracellular 
fluid, indicating that they are the result of the activation of voltage-operated 
calcium channels that are blocked by calcium antagonists, a finding that is in 
agreement with the results of calcium removal experiments. 

There have been many publications describing the sensitivity to calcium- 
channel blockers of responses to adrenoceptors stimulation. It has been postu- 
lated that responses sensitive to calcium antagonists were related to activation 
of a 2 -adrenoceptors and that resistant responses were due to activation of a r 
adrenoceptors. This hypothesis was derived mainly from in vivo studies on 
pithed rats, in which it was observed that vasoconstriction evoked by a r 
adrenoceptor agonists, such as phenylephrine, was relatively insensitive to cal- 
cium-channel blockers, whereas the vasoconstriction evoked by an a 2 -agonist, 
such as B-HT 920, was highly sensitive [100]. However, in pithed rats, calci- 
um-channel blockers inhibited vasoconstriction effects evoked by other a 2 - 
adrenoceptor agonists, such as St 587 and (-)-dobutamine. Such a discrepan- 
cy has been explained by a relationship between receptor reserve and adreno- 
ceptor agonist efficacy to inhibition by calcium antagonists [83]. In vitro stud- 
ies on the response of blood vessels to a 2 -adrenoceptor agonists have pointed 
to the complexity of the factors involved [89], and experiments in pithed rats 
have not allowed discrimination between the sensitivity of subtypes of al- 
receptors to calcium antagonists [89]. 

In contrast, depolarization-induced contraction is primarily maintained by a 
sustained increased in intracellular Ca 2+ . In vitro studies on endothelium- 
denuded arteries have shown that the maximum response to the a2-agonist 
clonidine is reduced more by calcium antagonists than the maximum response 
to noradrenaline, findings that were in agreement with in vivo studies [31]. 
Calcium antagonists are non-competitive antagonists of vasoconstrictors; 
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therefore, their inhibitory action should be largely dependent upon receptor 
reserve in a given tissue and upon the intrinsic activity of the agonist utilized. 
We have shown that the intrinsic activity of clonidine, a partial agonist, is 
much lower than that of noradrenaline, which may explain why the former is 
more sensitive to blockade by calcium antagonists [2], 
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The tissue selectivity of calcium antagonists 



The term “tissue selectivity” is used for an agent showing varying degrees of 
potency between tissues, with a preferential action in a given one. Tissue selec- 
tivity is well-known in the field of a-adrenoceptors, where a r and a 2 -agonists 
and antagonists differ by the ratio of activity at the level of a given tissue. 
Usually, this is related to their respective affinities for a r and (^-adrenocep- 
tors. Selectivity is not equivalent to specificity, which refers to a given agent 
interacting with only one type of receptor. This interaction has been docu- 
mented mainly in the field of histaminergic receptors, where Hj -antagonists do 
not interact with H 2 -receptors and vice versa. A question that has been raised 
several times [18, 19] is the existence of tissue selectivity for calcium antago- 
nists. In other words, does any selectivity exist in the pharmacology of calci- 
um channels? Several factors may be involved in tissue selectivity as reported 
in Table 1. We do not intend to review each of those factors for every com- 
pounds, which would be impossible because all have not been submitted to 
extensive studies. Nevertheless, some examples need to be given. 



Characteristics of the drug 

The IUPHAR classification of CCBs (see Chapter 2) is based on channel 
selectivity, a strong indication for a lack of specificity among the various 
drugs. Figure 1 illustrates a study of various compounds, considering their rel- 
ative potency on L- and T-type currents. All CCBs tested blocked both T and 



Table 1. Factors affecting the tissue selectivity of Ca 2+ antagonists 



1. Characteristics of the drug: 

Ca channel selectivity (L, T, N type). Site of action within the channel. Selectivity window. 
Voltage and/or frequency dependency. Ratio Ca 2+ antagonistic/Ca 2+ agonistic action. 
Physicochemical properties (pKa, partition coefficient). 

Susceptibility to tissue metabolism. 

2. Properties of the tissue: 

Relative contribution of various Ca 2+ pools to final response. Density and types of 

Ca 2+ channels. Level of resting potential. Gating control of Ca 2+ channels. Pharmacokinetic 

determinants. 



3. Characteristics of the stimuli: 

Level, duration and frequency of depolarization. Nature of activated kinase(s). 
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Figure 1. Calcium channel selectivity: T-type versus L-type Ca current selectivity of mibefradil (Mib), 
verapamil (Ver), amlodipine (Ami), dittiazem (Dilt) and lacidipine (Lac); modified from [9]. 



L channels, but their selectivity was differing, mibefradil being the most selec- 
tive for T-channels and lacidipine being the most selective for L-channels [9]. 
As far as what can be considered as a pleiotropic agent, amlodipine appears to 
be a good example. As shown by Furukawa et al. [12], it has a strong blocking 
action on both L- and N-type calcium channels expressed in oocytes. The 
potency of the amlodipine block on the N-type Ca 2+ channel is comparable to 
that on the L-type Ca 2+ channel. The concentration dose-effect curves are near- 
ly superimposed. At -100 mV holding potential, the IC50 values for amlodip- 
ine block on the L-type and N-type Ca 2+ channel are 2.4 and 5.8 pM, respec- 
tively. The blocking action of amlodipine on the N-type Ca 2+ channel is 
dependent on holding potential and extracellular pH, as has been observed 
with amlodipine block on L-type Ca 2+ channel. A depolarized holding poten- 
tial and high pH enhanced the blocking action of amlodipine. The time course 
of block development by amlodipine is similar for L-type and N-type Ca 2+ 
channels, but it is slower than the time course of block development by 
nifedipine for L-type Ca 2+ channel. Amlodipine appears also to be active on 
T-type currents. Benardeau and Ertel [4] have reported an IC50 value of 
5.6 pM for T-channel block in guinea-pig atria. It is of note that in this con- 
centration range, amlodipine is a powerful ACE inhibitor, which through the 
preservation of bradykinine stimulates the release of NO from endothelial cells 
[42]. This latter effect is important in view of the synergism for vascular relax- 
ation existing between NO and calcium antagonists [21, 32]. Those various 
properties of amlodipine need to be taken into account when examining the 
therapeutic mode of action of this drug. 

Figure 2 [38] illustrates a comparison of the blockade of N-type currents by 
various DHPs. It shows that cilnidipine is highly potent against N-type current. 
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Figure 2. Blockade of N-type current measured as high voltage-activated Ba 2+ currents (/ Ba 2+ ) by cil- 
nidipine and other CCBs; modified from [37]. 



It may be anticipated that those CCBs acting at the level of N-type currents and 
thereby impairing catecholamines release from nerve endings, should blunt the 
sympathetic reflex following vasodilatation. This is the basis of another dif- 
ference of selectivity between drugs. Nifedipine is highly selective for L-type 
current, being active at concentrations three to four orders of magnitude lower 
on L- than on T-type current. Therefore, it is appropriate to consider the selec- 
tivity window, which can be related not only to the ratio of active concentra- 
tions blocking L-type channels and other channels (T- or N-type) but also to 
the ratio of active concentrations blocking L-type channels and other mem- 
brane processes (such as receptors, other channels or transporters). For 
instance D600 blocks not only L-type channels but also the a- adrenoceptors 
[22]. Dihydropyridines may also block Na channels, but at higher concentra- 
tion than calcium channels [43]. Another example is flunarizine, which does 
not only interfere with various voltage-operated calcium channels, but which 
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is also acting on the release of dopamine by nerve terminals [35]. Great atten- 
tion has been devoted to the selectivity for other ion channels, in particular 
K-channels, verapamil has the lowest ratio CaCh/KCh of the drugs tested. It is 
acting at nearly the same concentration on both channels; the consequences of 
this property have not been evaluated [23, 24]. 

As already pointed out in Chapter 2, the a r subunit of L-type calcium chan- 
nels is one among the five subunits constitutive of those channels. Its impor- 
tance is due to the fact that it has the properties of calcium channels when 
inserted in lipid bilayer. Furthermore, it contains the receptor binding sites for 
the various CCBs. The a! subunits of the various calcium channels are coded 
by different genes. L-type calcium channels found in heart and vessels are 
splicing products of a same gene. The isoforms are distributed differently 
among various cardiac and smooth muscles. The numerical identifier corre- 
sponds to the Ca v channel oq subunit gene subfamily (1 through 3 at present) 
and the order of discovery of the a! subunit within that subfamily (1 through 
m). According to this nomenclature, the Ca v l subfamily (Ca v l.l through 
Ca v 1.4) includes channels, which mediate L-type Ca 2+ currents. The Ca v 2 
subfamily (Ca v 2.1 through Ca v 2.3) includes channels, which mediate 
P/Q-type, N-type, and R-type Ca 2+ currents, respectively. The Ca v 3 subfamily 
(Ca v 3.1 through Ca v 3.3) includes channels, which mediate T-type Ca 2+ cur- 
rents. Lowercase letters are used to distinguish alternatively spliced variants; 
Ca v 1.2a corresponds to channels containing the cardiac variant and Ca v 1.2b 
corresponds to the smooth muscle variant. The pharmacology of those two 
variants presents some dissimilarity characterized by small differences in sen- 
sitivity to some CCBs. Two transcripts coding for the IS6 segment of the 
a! 1 .2a subunit and for the IS6 segment of the a! 1 .2b subunit, have been shown 
to be selectively expressed in cardiac and vascular smooth muscle, respective- 
ly [39a]. On Table 2 are reported binding and functional data collected from 
publications of our laboratory; they show concordant values of various esti- 
mates of the equilibrium dissociation constant of nifedipine on intact isolated 
rat mesenteric artery and on the recombinant a j 1.2b subunit. Interestingly, as 
illustrated by Figure 3, the two splice types have different sensitivity for nisol- 
dipine. a dihydropyridine (DHP) Ca 2+ channel blocker with a high vascular 
selectivity [22]. Nisoldipine is thus a more potent blocker of inward current in 



Table 2. Collected data of binding and functional studies with nifedipine. Values are in nM. Data from 
Godfraind and colleagues [13, 29] 



Isolated rat mesenteric 
artery 


Binding (Kj) 


45 Ca Influx (I 50 ) 


Contraction 

(ic 50 ) 


Calcium current 
whole cell Kj patch 


100 mM KC1 


1.2 


1.9 


1.9 




Recombinant Ca Channel 










a, 1.2b 








1.9 
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CHOA CHOB 




v Control ° Control 

▼ Nis 3 nM * Nis 3 nM 



Figure 3. Inhibition of L-type Ca current by nisoldipine. L-type Ca currents were monitored under 
whole cell patch clamp conditions in CHO cells transfected with a, 1.2a (CHOA) and ail.2b 
(CHOB); modified from [29]. 



cells transfected with oql^b isoform cDNA than in those transfected with 
a] 1.2a isoform cDNA. We have examined if this property is shared by other 
DHP and non-DHP Ca 2+ channel blockers [29]. We used Chinese hamster 
ovary cells (CHO) transfected either with cDNA encoding for the ajl.2a or 
with cDNA encoding for the oql^b subunit of the L-type Ca 2+ channel, issu- 
ing respectively from rabbit heart and lung smooth muscle [39]. The Ca 2+ 
channel blocking activity of three neutral DHP derivatives, (+)-PN 200-110, 
nifedipine and nisoldipine, which show different degrees of vascular selectiv- 
ity [15, 22], and one positively-charged derivative SDZ 207-180 [26] was 
compared to that of the phenylalkylamine verapamil, which is equipotent in 
cardiac and vascular tissue (see below) and to that of pinaverium bromide, a 
non-DHP compound with a quaternary ammonium, reported to show intestin- 
al selectivity [8]. The voltage-dependent current mediated by the al subunit of 
the L-type Ca 2+ channel (taj) was recorded with the whole-cell configuration 
of the patch-clamp technique using barium ions as charge carrier. Binding 
affinity of Ca 2+ channel blockers was also assessed in displacement studies 
using the Ca 2+ channel ligand [ 3 H]-(+)-PN 200-1 10. Experimental results 
(Tab. 3) show that neutral dihydropyridines (nifedipine, nisoldipine, (+)- 
PN 200-110) were more potent inhibitors of ajl.2b subunit than of 0Cil.2a 
subunit. This difference was more marked at a holding potential of -100 mV 
than at -50 mV. SDZ 207-180 (an ionized dihydropyridine) exhibited the same 
potency on the two isoforms. Pinaverium (ionized non-dihydropyridine deriv- 




118 



T. Godfraind 



Table 3. Dissociation constants (nM) of various CCBs in splice variants at two holding potentials. 
Data from Morel et al. [29] 





K-100 mV 


K-50 mV 


a] 1.2a 


a, 1.2b 


ail. 2a 


a, 1.2b 


Nisoldipine 


2.1 


0.5 


0.33 


0.15 


Nifedipine 


47 


10 


6.9 


3.7 


(+)Isradipine 


15 


2.2 


0.82 


0.46 


Pinaverium 


1.8 


3.3 


0.34 


1.3 


Verapamil 


29 


23 


0.95 


0.96 



ative) was two- and four-fold more potent on 1.2a than on a! 1.2b subunit at 
Vh of -100 mV and -50 mV, respectively. Effects of verapamil were identical 
on the two isoforms at both voltages. [ 3 H]-(+)-PN 200-110 binding experi- 
ments showed that neutral dihydropyridines had a higher affinity for the 
a! 1.2b than for the a] 1.2a subunit. SDZ 207-180 had the same affnity for the 
two isoforms and pinaverium had a higher affinity for the aj 1.2a subunit than 
for the 0Cil.2b subunit. 

All these results show marked differences among Ca 2+ channel blockers in 
their selectivity not only for the three subfamilies of calcium channels but also 
for the a t 1.2a and ajl.2b subunits. It is therefore not surprising that the phar- 
macological profile is not uniform among the various CCBs, even among those 
belonging to a same chemical family. 



Properties of the tissue and characteristics of the stimuli 

In order to characterize the factors related to the properties of the tissue and 
the characteristics of the stimuli, we may focus on some in vitro studies 
describing the selectivity of calcium antagonists in the cardiovascular system. 
These studies deal not only with a comparison of the sensitivity of arteries and 
myocardium to the action of calcium antagonists, but also with a comparison 
among arteries. It is shown just below that the results of such a comparison are 
differing between species. Therefore, data obtained with human preparations 
are important for any robust extrapolation from the laboratory to a clinical sit- 
uation. Indeed, clinically-relevant information deals not only with the vasode- 
pressor potency of a given agent, but also with its cardiodepressor potency. 

Table 4 summarizes a comparison of the effects of nifedipine in cardiac and 
artery preparations from various origins: rat, rabbit, guinea pig and human. It 
is noteworthy that the potency ratios expressed as a ratio of IC50 of nifedip- 
ine for cardiac inotropism over IC50 of nifedipine for depolarized vessel con- 
traction are dissimilar with the highest value for rat and the lowest for guinea 
pig. In a study performed in the guinea-pig, Spedding et al. [34] showed that 




The tissue selectivity of calcium antagonists 



119 



Table 4. Comparison of nifedipine effects on inotropism (isolated cardiac muscles) and vascular con- 
traction (isolated vessels), in different species 



Species 


IC 50 (nM) on inotropism 
(electrically paced hearts) 


IC 50 (nM) on vascular 
contraction 
(K + -stimulated) 


Ratio 

(heart/vessels) 


Rat 


1000 u 


1 .40' 


714 


Rabbit 


300 4 


oo 


33.7 


Guinea pig 


44.06 6 


14. 1 7 


3.1 


Human 


67 8 


4.7 9 


14.2 



(1) Ventricle [7] 

(2) Ventricle [11] 

(3) Aorta [41] 

(4) Atria [27] 

(5) Aorta [27] 



(6) Papillary muscle [34] 

(7) Mesenteric artery [34] 

(8) Ventricle [16] 

(9) Coronary arteries [ 1 6] 



the ratio of IC50 values estimated in the isolated heart and in isolated vessels 
is 0.3 for diltiazem, 1.3 for verapamil and 3.1 for nifedipine. Experiments 
from Triggle’s laboratory are in complete agreement with the results just men- 
tioned [36]. 

The radioligand 3 H(+)-isradipine, was used in order to estimate the appar- 
ent affinity of dihydropyridine-binding sites in plasma membranes prepared 
from human coronary artery and myocardium. Binding data expressed as Ki or 
Kd values are reported in Table 5 for nisoldipine, nifedipine and isradipine. 



Table 5. Binding parameters of nisoldipine, nifedipine and (-h)-isradipine, in membranes of human 
coronary arteries and myocardium compared with functional parameters 



Drug or (nM) IC 50 (nM) 



Nisoldipine 

. coronary artery 
. myocardium 
Nifedipine 

. coronary artery 
. myocardium 
(+)-Isradipine 

. coronary artery 
. myocardium 



0.093 ± 0.029 
0.030 ± 0.005 

4.84 ± 1.98 
2.40 ± 0.89 

0.1 15 ±0.017 
0.077 ±0.010 



0.062 ' 

3 10 2 

3.7' 

67 2 

/ 

100 2 



(+)-Isradipine binding was measured directly by titrated ligand. 

Nisoldipine and nifedipine binding was measured in competition experiments. Values were obtained 
from 3-4 different membrane preparations; each experiment was performed at least three times. 
IC 50 = concentration producing 50% reduction of the calcium antagonist-sensitive contraction of 
coronary artery to serotonin 10 5 M and electrically paced ventricular preparations. Mean ± SE. 

2 [15]; 2 [16]; 1 [6]. 
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These values show that the sequence of affinity was nisoldipine > isradipine > 
nifedipine. They also show that the apparent affinity was about two-fold high- 
er in the myocardium than in coronary artery. The dissociation constant values 
may be compared to functional values of IC50 obtained in other experiments 
[22]. Functional estimates of IC50 of calcium antagonists in human coronary 
arteries exposed to serotonin were close to the radioligand estimates of the 
apparent dissociation constant in plasma membranes prepared from this tissue. 
This was not the case for myocardium. Functional IC50 values in human heart 
were much higher than radiochemical Ki (or Kd) values estimated in plasma 
membranes prepared from human heart. There was a 10,000-fold difference 
for nisoldipine, a 1,298-fold difference for isradipine and a 27-fold difference 
for nifedipine. The different sensitivity of cardiac and vascular preparations to 
dihydropyrine calcium antagonists is illustrated by Figure 4, which shows 
dose-inhibition curves of the contraction of human coronary artery stimulated 
by a 100 mM K + -depolarising solution and of the electrically-paced human 
myocardium, both preparations being exposed to nifedipine or to nisoldipine. 
Nisoldipine is much less active than nifedipine in cardiac preparation and 
much more active in human coronary artery. Differences between calcium 
antagonists are also illustrated in Figure 5, which represents a log scale of the 
reciprocal of the concentration needed to block 50% of the contractile activity 
(IC50) in human coronary artery, in internal mammary artery and in myocardi- 
um. It shows that diltiazem and verapamil have the same potency in both arter- 
ies and in myocardium. On the other hand, for nisoldipine, the potency 
sequence is coronary artery » mammary artery » myocardium, whereas for 
nifedipine, the sequence is coronary artery = mammary artery » myocardium 
[22]. More recent experiments [33], using preparations from human atria and 
aortic vasa vasorum, confirm the vasoselectivity of nisoldipine and the car- 
dioselectivity of verapamil. Sarsero et al. [33] also reported that the sequence 
of vascular/cardiac (V/C) ratios was mibefradil » felodipine > nifedipine = 
amlodipine » verapamil. 

Several factors might be involved in the difference in sensitivity between 
heart and vessels. There are sarcolemmal Ca channels in cardiac myocytes, 
which serve to bring Ca into the cell (L- and T-type Ca channels). This Ca 
influx contributes an inward current tending to make (or keep) the membrane 
potential more positive, but this Ca also serves as an important second mes- 
senger in the excitation-contraction (E-C) coupling, leading to activation of 
contraction. There are also intracellular Ca-release channels, which are 
responsible for releasing Ca from the sarcoplasmic reticulum (SR) and endo- 
plasmic reticulum (ER; ryanodine and IP 3 receptors). The Ca released from the 
SR greatly amplifies the function of Ca that enters via the sarcolemma in the 
activation of contraction [5]. The sarcolemmal Ca channels are crucial to con- 
trol of cardiac contractility. The intracellular Ca release channels (or ryanodine 
receptors) respond to triggering events mediated by sarcolemmal ion currents 
and are largely responsible for releasing of an amount of Ca 2+ much larger that 
the Ca 2+ entering as a L-type current. This released Ca activates the myofila- 
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Vascular selectivity of dihydropyridines: 

depol. human coronary art. vs. electr. paced human ventric. m. 





Figure 4. Inhibitory action of nifedipine and nisoldipine on the contraction of human ventricular mus- 
cle isolated preparations (electrically paced) and on K-depolarized isolated human coronary artery 
segments; modified from [16]. 



ments to produce contraction. The basic mechanism of cardiac excitation-con- 
traction coupling operates as a calcium-induced calcium release. Calcium 
enters the cell from the extracellular fluid once the voltage-dependent L-type 
Ca 2+ channels are open. This results in an increase of [Ca 2+ ]j in the space 
between the sarcolemma and sarcoplasmic reticulum (SR) and this leads to the 
opening of the SR Ca 2+ release channel or ryanodine receptors (RyR), which 
are more numerous that the L-type channels. According to Wibo et al. [40], the 
ratio is 1 over 9. This E-C mechanism is influenced in different circumstances. 
These include autonomic modulation, L-arginine-NO pathway activation and 
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Figure 5. Upper panel: Effect of increasing concentrations of nifedipine on the contractile activity 
evoked by serotonin (5HT) 10" 5 M in isolated segment of human coronary artery (HCA), serotonin 
was added at the arrow and maintained as shown by the continuous line. Lower panel left: Effect of 
nifedipine 2 x 10~ 7 M on electrically stimulated human trabecular muscle from the rigt ventricle, 
modified from [16]. Lower panel right: Logarithmic scale of the reciprocal of the IC50 (pA h ) of CCBs 
indicated on the graph in the human coronary artery (HCA), the human internal mammary artery 
(IMA), both being stimulated by serotonin and the human myocardium (HM). IC50 values are the 
concentrations producing 50% reduction of the calcium-antagonist-sensitive component to the tonic 
contraction evoked by 10“ 5 M serotonin in HCA and IMA or of the contraction of electrically paced 
human ventricular preparations. Modified from [22]. 



pathological conditions related or not to hypertension and atherosclerosis [3, 
28]. The opening of calcium channels is the result of cardiac action potentials 
that may have a variety of different shapes. The classical long plateau, essen- 
tial for preventing re-excitation and arrhythmias is prominent in physiological 
conditions. 

As already pointed out above, the (Xpsubunit of L-type calcium channels is 
one among the five subunits constitutive of those channels. Its importance is 
due to the fact that it has the properties of calcium channels when inserted in 
lipid bilayers. Furthermore, it contains the receptor binding sites for the vari- 
ous CCBs. The ocl subunits of the various calcium channels are coded by dif- 
ferent genes. L-type calcium channels found in heart and vessels are splicing 
products of a same gene. The two splice types have different affinities for dihy- 
dropyridines, but the same affinity for verapamil, an observation consistent 
with the absence of selectivity of this drug as observed in pharmacological 
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studies (see above). The isoforms are distributed differently among various 
cardiac and smooth muscles. However, the affinity ratio of DHPs existing 
between isoforms is not high enough in order to take into account the differ- 
ences between heart and vessels observed in pharmacological experiments and 
other factors need to be considered [29]. 

Feron et al. [10] have reported that the splicing process is tissue-dependent 
and is regulated during development. During development, there is a profound 
modification of the localization of L-type Ca channels from the peripheral 
plasma membrane to the junctional structures (Fig. 6) [40]. The functional 
consequence results in a lower sensitivity to calcium channel blockers of adult 
over neonatal hearts (Fig. 7) [40]. 

Time-course experiments reported on pages 95 and 96 may provide addi- 
tional information on the tissue selectivity. Like in rat aorta, in human coro- 
nary artery in vitro , the inhibitory action of nisoldipine on contractions evoked 
by a depolarizing stimulus is characterized by a marked time-dependency, in 



Most L-type Ca 2+ channels are localized 

- in the neonatal heart: in the peripheral sarcolemma 

- in the adult heart: in the functional area of T-tubules 



Median equilibrium densities 
in sucrose gradient 



1.20 - 
1.18 - 
LI 6 ’ 
1.14 ' 
1.12 - 




3 H-Ryanodine 
Cyt.c oxidase 
•’H-PN200-1 10 

3 H-Ouabain (high-aff.) 
'H-QNB 



Figure 6. Median equilibrium density in sucrose gradient of markers of plasma membrane and of sar- 
coplasmic reticulum. After equilibration of microsomal fractions in density gradient, ryanodine recep- 
tors are characterized by a heavy distribution pattern that does not change appreciably between days 1 
and 30 after birth. In neonatal tissue, 1 ,4-dihydropyridine receptors are found mainly in low-density 
subfractions, together with other sarcolemmal constituents, whereas in adult tissue, they are recovered 
predominantly in high-density subfractions, together with ryanodine receptors. Thus, after birth, and 
in parallel with the development of T tubules, there is a progressive concentration of Ca v 1.2 (L-type 
Ca 2+ ) channels in junctional structures of high equilibrium density, where they are situated close to the 
Ca 2+ release channels of the sarcoplasmic reticulum. In adult ventricle, L-type channels are, on an 
average, threefold more abundant in T tubules area than in external sarcolemma; modified from [40]. 
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Figure 7. Negative inotropic effect of the CCBs nifedipine (nif) and verapamil in neonatal and adult 
rat ventricles. Ordinate: contraction in per cent of control. Abcissa: time after addition of the CCBs at 
the concentration of 0.1 and 1 pM to the organ bath (min). Modified from [40]. 



which inhibition increases slowly after depolarization to attain a steady-state- 
value. This inhibitory pattern has been observed with other dihydropyridines, 
but was not obvious with verapamil and diltiazem (see Fig. 8, p. 95). In depo- 
larized arteries preincubated with verapamil and diltiazem, the inhibitory 
action is immediate and sustained for the duration of the depolarization. The 
kinetics of inhibition by dihydropyridines of the contraction of depolarized 
arteries follows the kinetics of their binding to receptor sites located at the 
outer mouth of the channels as illustrated above for isradipine. Depolarization 
induces a conformational change in the dihydropyridine receptor sites result- 
ing in a state of higher affinity. For a drug such as nisoldipine, occupation of 
this site is made possible at very low concentrations (10-300 pM), but appre- 
ciable time is needed to attain a steady state. This combination of voltage- and 
time-dependency contributes to the tissue selectivity, which may be related to 
disparities in the modulation of calcium channels due to physiological differ- 
ences in the duration of the stimuli. The slow time-course of association of 
nisoldipine with its receptors in depolarized tissues might account for its com- 
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paratively low potency in cardiac muscle, as compared with vascular smooth 
muscle. Binding sites in isolated membranes show the same affinity as bind- 
ing sites in intact tissues submitted to prolonged exposure to high KC1 solution 
(which completely depolarizes muscle cells). The rate of association in intact 
depolarized tissues follows a pseudo-first-order kinetics similar to the associ- 
ation rate constant for purified calcium channels [41]. Therefore, the concen- 
tration of nisoldipine required to occupy the same proportion of channels may 
be estimated at any time of exposure to the drug. The time-course of occupa- 
tion may be calculated for a short systolic depolarisation (±0.4 sec), as well as 
for a time required to fully activate a smooth muscle (±6 min). Assuming an 
occupation of 50% of receptor sites at the end of the stimulus, this computa- 
tion shows that the ratio of concentrations required in cardiac versus arterial 
muscle is equal to 1,500. This theoretical value is similar to that observed 
when the relative sensitivity to nisoldipine was assessed in vitro in human 
coronary artery and in human myocardium myocardium as illustrated on 
Figure 4. [16]. The rate model described above may account for differences in 
sensitivity between arteries and myocardium since the triggering process of 
the cardiac contraction involves L-type channels. In vivo studies are fully con- 
sistent with in vitro studies as far as concerned the sensitivity difference in 
contractility between coronary bed and myocardium [31]. 

The inhibition of the response to a given vasoconstrictor may be different 
between arteries exposed to the same CCB. Study of the sensitivity to nisol- 
dipine of the contraction of human coronary artery and of internal mammary 
artery stimulated by serotonin (Fig. 8) shows that the curves relating inhibition 
by nisoldipine of serotonin-evoked tonic contraction in those two arteries are 
not superimposed: inhibition of the tonic contraction to serotonin is much 
more important in human coronary artery than in human internal mammary 




Figure 8. Dose-inhibition curves of serotonin-evoked tonic contraction of human coronary artery 
(HCA: ■) and human internal mammary artery (HMA: A). Modified from [15]. 
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artery. This confirms our earlier reports that inhibition of contractile respons- 
es may be related to the type of vessel, resistance arteries being more inhibit- 
ed than conduit arteries [17, 20]. Another illustration of heterogeneity is relat- 
ed to the mode of activation of the contraction as reported on Table 6, which 
shows that maximum contractions of rat aorta evoked by noradrenaline or 
phenylephrine were less inhibited than maximum contractions evoked by a 2 
agonists such as clonidine and oxymetazoline. Such observations have been 
extended to various calcium antagonists and to various vessels. For instance, 
Figure 9 illustrates the contraction evoked by ET-1 in human isolated distal 
and proximal coronary arteries exposed or not to nisoldipine (1 pM) [2]. It 
shows that the maximal contraction of the distal artery was inhibited by 51% 
whereas the maximal contraction of the proximal segment was inhibited by 
35%. They emphasize the hypothesis that vascular heterogeneity may be, at 
least partly, related to the proportion of contractile responses resistant or not to 
calcium-channel blockade [14]. It is likely that the interaction of agonists with 
their receptors activates an intracellular pathway involving protein kinase C 
and resulting in an increase in the sensitivity of the contractile proteins to cal- 
cium [25, 30]. The importance of this mechanism that is independent of Ca 
entry is likely to vary between different smooth muscles and to play a role in 
vascular selectivity. 

Among factors responsible for heterogeneity among vessels, not only the 
specificity of the blocker and its voltage-dependency but also its tissue phar- 
macokinetics needs to be taken into account. For instance, Angelico et al. [1] 
have observed in isolated rabbit aorta stimulated by high KC1 that 50% relax- 
ation was reached at different times according to the CCB tested. At 10 nM 
concentration 50% relaxation was reached after 210 min with lercanidipine, 
278 min with amlodipine, 135 min with lacidipine, 75 min with nitrendipine 
and 70 min with felodipine. On the other hand, when studying the heart ven- 



Table 6. Maximal inhibition (in per cent) of the contraction evoked by various agonists in isolated rat 
aorta exposed to calcium antagonists. Data from [14] 



Calcium antagonist 


Vasoconstrictor 


% inhibition of contraction 


Cinnarizine 


noradrenaline 


60 




phenylephrine 


64 




clonidine 


92 




oxymetazoline 


93 


D600 


noradrenaline 


100 


Nifedipine 


noradrenaline 


50 




clonidine 


84 


Flunarizine 


noradrenaline 


50 




clonidine 


84 


Nisoldipine 


Noradrenaline (E+) 


40 




Noradrenaline (E-) 


30 
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Figure 9. Effect of nisoldipine on concentration-response curve to endothelin-1 (ET-1) of proximal 
and distal human coronary arteries (HCA). After incubation in nisoldipine 1 pM (solid symbols) or 
solvent for 90 min (open symbols), the concentration response curve was measured in various rings; 
modified from [2]. 



tricle, the rate sequence was lacidipine > amlodipine > felodipine > lercani- 
dipine = nitrendipine, indicating that comparison between drugs require appro- 
priate experimental conditions in order to validate the IC50s ratio. 
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Acute haemodynamic effects of calcium channel 
blockers 



The present chapter considers the acute haemodynamic effects of calcium 
channel blockers. Although those agents are used in therapy for long-term 
(even life-long) treatment, it is of interest to examine the acute haemodynam- 
ic changes evoked when those agents are administered at pharmacologically 
active doses. Such a study allows comparing the various CCBs from a func- 
tional point of view considering potency, pharmacokinetics and tissue selec- 
tivity. The examples taken in this section are illustrative of the actions of CCBs 
in general, even if all drugs have not been examined. Owing the complexity of 
haemodynamic reflexes and the tissue selectivity of CCBs at the level of the 
various vascular beds, it may be anticipated that those drugs may exhibit vari- 
ations in action according to the vascular bed or the species so far considered. 
Because of the importance of CCBs for the therapy of coronary diseases, 
hypertension and stroke, their action has been studied in coronary, renal and 
cerebral circulations. 

The intravenous injection of calcium antagonists produces a hypotensive 
effect more pronounced in hypertensive than in normotensive animals. In con- 
scious rats, Ishii et al. [11] have observed that a similar decrease of blood pres- 
sure was evoked by nifedipine at doses much lower in SHR than in WKY (see 
also Tab. 1). Knorr and Garthoff [15] have compared the activity of nitrendi- 
pine and hydralazine on the blood pressure of SHR and WKY. They have 
observed that the vasodilator hydralazine was equipotent in both strains, but 
that nitrendipine evoked a much lesser reduction of blood pressure in WKY 
than in SHR, an observation consistent with recent clinical studies in humans. 
Together with haemodynamic observations [13], these studies indicate that 
calcium antagonists have an activity profile different from classical arteriolar 
vasodilators. Indeed, it has been reported that during chronic administration of 



Table 1 . Comparison of the antihypertensive effects of orally-administered cilnidipine, nifedipine, or 
nicardipine in normotensive and hypertensive rats: ED20 values in mg/kg. Data from [24] 



Drug 


Normotensive 


SHR 


Renal 

hypertensive 


DOC A- salt 
hypertensive 


Cilnidipine 


9.4 


2.3 


1.9 


2.5 


Nifedipine 


7.7 


2.0 


1.4 


2.2 


Nicardipine 


5.7 


2.0 


1.6 


1.5 
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a calcium antagonist, the decrease of blood pressure is observed without mod- 
ification of the cardiac frequency [5]. 

Taylor et al. [22] have studied the response of various arterial territories fol- 
lowing the administration of increasing intravenous doses of nitrendipine. 
There is a progressive reduction of blood pressure, reaching a maximum effect 
at 50% of initial value. There is an associated reduction in resistance and an 
increase of blood flow in the femoral and mesenteric territories. They report- 
ed a noticeable difference between the femoral and mesenteric beds, since the 
sensitivity to low doses is greater in the mesenteric bed, with the maximum 
effect occurring in the femoral circulation. Their results show that calcium 
antagonists are arteriolar dilatators with differing activities in different circu- 
lation beds. Their greatest effect appears in the coronary bed. It is important to 
note that no significant haemodynamic effects have been reported in the 
venous circulation. 



Systemic haemodynamics 

Examination of the action of CCBs on haemodynamics has been performed in 
animal studies with most of the compounds, once they were identified in vitro. 
Because, an extensive analysis of the published literature would be beyond the 
scope of this book, we have selected among published articles, those illustrat- 
ing the various aspects of action of CCBs. 

Examination of the haemodynamic effects of CCBs in the unanesthetized 
dog indicated that the coronary circulation was more influenced that the 
peripheral one (Fig. 1) they also illustrated that acute response to IV adminis- 
tration evoked major sympathetic reflexes characterized by an increased car- 
diac rhythm. The selective action on arteries has been widely illustrated, 
Figure 2 is from a human study, it shows that the vasodilatory action does 
occur mainly on the arterial side with a modest effect on the venous side. This 
illustration, coming from a human study after sublingual administration of 
nifedipine, has been chosen for the convincing evidence that the venous tone 
remained unchanged when the arterial parameters indicated a vigorous vasodi- 
latation. It is worth to mention that ACE inhibitors dilate to the same extent the 
arterial and the venous beds. Further observations made after intravenous 
injection exemplify the differential response to CCBs of various regional beds, 
such a differentiation is also related to the molecular structure of the CCB, as 
this is illustrated below. 

Haemodynamic responses to a given CCB are usually compared with reac- 
tions to other vasodilators such as hydralazine or to other CCBs. Such 
approaches validate the significance of in vitro studies dealing with potency 
and tissue selectivity. This mode of comparison is illustrated by a recent analy- 
sis of the action of cilnidipine [24]. Intravenous administration of cilnidipine, 
nifedipine, or nicardipine dose dependently decreased the mean blood pressure 
in conscious spontaneously hypertensive rats (SHRs). The doses causing a 
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Figure 1. Effects of intravenous (i.v.) injection of nifedipine on haemodynamic parameters in the 
unanesthetized dog (n = 10). Modified from [14] The i.v. injection of nifedipine was followed by an 
important vasodilatation with an increase in cardiac output and heart rate. Note the important increase 
in coronary flow. 



reduction in mean blood pressure of about 25 mmHg were 10 mg/kg for cilni- 
dipine and nicardipine and 30 mg/kg for nifedipine. The doses causing a 
45 mmHg reduction in mean blood pressure were 30 mg/kg for cilnidipine and 
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Figure 2. Changes in the mean femoral arterial pressure (FAP), forearm blood flow (Qfm), forearm 
resistance (Rfm) and venous tone (VT) after administration of nifedipine in human beings; control: 
closed circles; nifedipine: open circles. Modified from [17]. Note that venous tone was unchanged, 
despite significant modification in the arterial side. 



nicardipine and 100 mg/kg for nifedipine. These results show that the decrease 
in mean blood pressure produced by intravenous administration of cilnidipine 
was equal to that caused by nicardipine and greater than that produced by 
nifedipine. By oral administration, cilnidipine (1 to 10 mg/kg) dose depend- 
ently reduced systolic blood pressure in conscious SHRs, renal hypertensive 
rats (RHRs), and DOCA-salt hypertensive rats (DHRs). In each hypertensive 
model, the maximal reduction in systolic blood pressure was observed 3 h after 
administration of the drug. In normotensive rats (NTRs), oral administration of 
cilnidipine, even at a high dose of 100 mg/kg, produced only a mild dose- 
dependent decrease in systolic blood pressure. The ED 20 values of cilnidip- 
ine in SHRs, RHRs, DHRs, and NTRs are listed in Table 1. In anesthetized 
dogs, intravenous administration of cilnidipine produced a dose-dependent 
decrease in mean arterial blood pressure and a slight increase in heart rate. A 
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marked tachycardia, which was observed after administration of either nifedip- 
ine or nicardipine, was not observed even at high doses of cilnidipine. The ED 
40 values (doses causing a 40% reduction in mean blood pressure) for cilni- 
dipine, nifedipine, and nicardipine were 24.3, 20.1, and 23.3 mg/kg, respec- 
tively. These results indicate that in dogs, cilnidipine had almost the same 
hypotensive activity as nifedipine or nicardipine. The antihypertensive activi- 
ty of cilnidipine in rats and dogs is characterized by a particular slow onset and 
long-lasting time course of action. In conscious SHRs, the effect of cilnidipine 
at 30 mg/kg reached a maximum at 1.7 min after intravenous administration, 
whereas the peak effects of nifedipine (100 mg/kg) and nicardipine 
(30 mg/kg), at doses causing a similar maximal decrease, were observed at 0.6 
and 0.8 min after intravenous administration, respectively. The half-life of the 
hypotensive effect was 20.4 min for cilnidipine (30 mg/kg, i.v.) and 6 to 8 min 
for nifedipine (100 mg/kg, i.v.) and nicardipine (30 mg/kg, i.v.). In anes- 
thetized dogs, similar hypotensive time courses were obtained after intra- 
venous administration of cilnidipine, nifedipine, or nicardipine. The effects of 
30 mg/kg (approximately the ED 40 values) of the three drugs reached their 
peak at 1.8, 0.7, and 0.9 min, respectively. The onset of cilnidipine action was 
about twice as slow as that of nifedipine or nicardipine, while the duration of 
its hypotensive effect was twice as long as that of the other two drugs. Thus, it 
appears that cilnidipine has a slow onset and long-lasting action in vivo. Such 
studies are interesting for the comparison of drugs potency, but they do not 
give information on the possible variation of action according to the vascular 
bed so far considered. Indeed, intravenously-administered CCBs induce a 
dose-related reduction in systemic and coronary vascular resistances, with 
concomitant decrease in arterial blood pressure and increase in coronary blood 
flow. Studies have often indicated differences in sensitivity among various vas- 
cular beds or between vessel tone and cardiac contractility. For instance for ler- 
canidipine [21], the hypotensive ED25 values were equal to 6.1 micro- 
grams/kg and 4.2 micrograms/kg for the decrease of mean blood pressure and 
of total peripheral resistances, respectively. The ED50 values on the coronary 
bed were equal to 4.8 micrograms/kg and 7.8 micrograms/kg for respectively 
the increase of coronary blood flow and the decrease in coronary vascular 
resistances. The authors have measured the time course of the haemodynamic 
effects after the administration of 5 micrograms/kg, a value close to the ED50 
for the coronary bed. They observed that the onset of the vasodilatation was 
slow and that this activity was long-lasting: the peak effects on mean blood 
pressure and coronary blood flow occurred 20 and 30 minutes after the admin- 
istration, respectively, and the effects on coronary resistances was still signifi- 
cant 150 min after the administration. The cardiac contractility was illustrated 
by measuring the contractile index dP/dtmax and dP/dt/P. In the dose-response 
study, dP/dtmax was practically not affected. In the time course study, 
dP/dtmax was not modified after administration of 5 micrograms/kg, and 
dP/dt/P showed a slight but long-lasting increase. The stability of the cardiac 
contractility was unlikely due to an activation of sympathetic reflex as a result 
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of the vasodilatation, since the authors could not observe any change in heart 
rate with the dose of 5 micrograms/kg. A reflex increase in heart rate was 
observed after the administration of doses as high as 10 and 30 micrograms/kg. 
According to the authors, those haemodynamic investigations confirmed in 
vivo the high vascular selectivity of lercanidipine found in vitro. 



Regional responses 

Variations in regional sensitivity to the vasodilatation effects of CCBs could be 
anticipated from the observation of their vascular selectivity reported during in 
vitro studies on vessels isolated from various vascular beds. In vivo studies 
indicate that variations in regional sensitivity may be found in various models, 
including resting unanesthetized dogs. How this regional selectivity could 
influence the therapeutic action is a matter of further analysis, when the use of 
CCBs in pathology will be considered. 



Coronary circulation 

In early studies, CCBs appeared to be highly active on the coronary circula- 
tion as shown by the large increase in coronary flow following the injection of 
nifedipine, illustrated in Figure 1. CCBs reduce myocardial oxygen consump- 
tion; in such a situation, the physiological regulation should have diminished 
coronary blood flow through the metabolic autoregulation. Exposure to CCBs 
has counteracted this autoregulation, maintaining a significant increase of 
coronary blood flow. This effect of CCBs is the result of the dilatation of 
resistance vessels in the coronary bed, which overcomes the coronary vaso- 
constriction due to a decrease in myocardial oxygen consumption (for refer- 
ences, see [3]). 



Mesenteric and renal beds 

Janssen et al. [12] have compared in rats the regional specific haemodynamic 
effects of bamidipine with those obtained with its racemic mixture and with 
amlodipine. Male adult spontaneously hypertensive rats (SHR) were instru- 
mented with Doppler flow probes and catheters to measure renal (RVR), 
mesenteric (MVR) and hindquarter (HQVR) vascular resistance changes. One 
week after surgery, bamidipine, its racemic mixture, and amlodipine were 
intravenously administered at three doses causing comparable reductions in 
mean arterial pressure (MAP). At doses of 3, 10 and 30 pg/kg bamidipine 
reduced MAP (±SEM) by 8 ± 2, 26 ± 3 and 45 ± 4 mmHg (n = 10). 
Equipotent effects on MAP were achieved by the racemic mixture of bami- 
dipine at 10, 30 and 100 pg/kg, and by amlodipine at doses of 100, 300 and 
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1000 pg/kg. Following the 3 pg/kg and 10 pg/kg dose, bamidipine reduced 
MVR (% ± SEM) by 4 ± 4 and 19 ± 4, and RVR by 8 ± 2 and 15 ± 4, respec- 
tively. In contrast, HQVR remained unaltered. Similar data were obtained for 
the racemic mixture of bamidipine and for amlodipine, although for the latter 
the changes in RVR were half of those found after bamidipine. After the high- 
est doses of bamidipine, its racemic mixture as well as amlodipine, HQVR fell 
more than 25% whereas RVR and MVR remained unaltered. By contrast to 
short-acting CCBs such as nifedipine and isradipine, which reduced mainly 
HQVR and did not reduce RVR, the three long-term acting CCBs preferen- 
tially dilated the mesenteric and renal vascular bed. The authors concluded that 
in view of the elevation of RVR in essential hypertension, the reduction of 
RVR might contribute to the long-term antihypertensive effects of bamidipine 
and of amlodipine. In their discussion they made also interesting considera- 
tions about the different responses observed in the various vascular beds so far 
studied. The doses of bamidipine, of its racemic mixture and of amlodipine 
were titrated to result in equipotent reductions of blood pressure. This was 
achieved using a dose range for bamidipine that was a factor 3 lower than for 
its racemic mixture and even a factor 30 lower than for amlodipine. In studies 
on isolated small mesenteric arteries, however, bamidipine was about a factor 
20 more potent than its racemic mixture and a factor 200 more potent than 
amlodipine. The in vivo counteracting physiological control systems account 
most likely for such differences in potency. Following the cumulative intra- 
venous injections of all three agents, arterial pressure decreased dose-depend- 
ently in more or less a linear fashion. However, the regional vascular effects 
that underlay this pharmacodynamic response did not show such linear dose- 
effect relationship. At the lowest and intermediate dose, bamidipine, its 
racemic mixture and amlodipine preferentially dilated the mesenteric and renal 
arteriolar bed. Vascular resistance of the hindquarter bed did not change sig- 
nificantly. Only after the highest dose of the three CCBs a profound dilatation 
of the muscular hindquarter vascular bed occurred, whereas renal and mesen- 
teric resistances were not further reduced. Among players in the concert of 
physiological and pharmacological mechanisms that contribute to this differ- 
ential regional response to the three CCBs, it seems that baroreflex is an 
important factor that determines the regional distribution of blood flow after 
injection of the CCBs. In normal conditions in rats, blood flow through the 
muscular hindquarter vascular bed is predominantly under autonomic control, 
whereas in the renal and mesenteric circulation autoregulatory mechanisms 
prevail. Therefore, after doses of bamidipine and amlodipine that caused grad- 
ual and moderate blood pressure changes, the reduction in hindquarter resist- 
ance could have been masked by a baroreflex-mediated neurogenic vasocon- 
striction. Thus, the effect of a given CCB might depend upon its rate of action. 
For instance, as shown by [18], fast and short-acting CCBs such as nifedipine 
and isradipine preferentially dilate the hindquarter vascular bed, without 
change in RVR. The difference in the regional haemodynamic response 
between nifedipine and isradipine on the one hand, and bamidipine and 
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amlodipine on the other hand, may depend upon the degree of activation of the 
baroreflexes. The unloading of baroreceptor afferents is a dynamic process and 
depends on the time course of the pressure fall. When blood pressure is 
reduced too fast or too far, a neurogenic constriction may occur in various vas- 
cular beds as a reflex to the blood pressure fall. A major factor to be consid- 
ered is the ability of the peripheral organs to autoregulate their blood flow in 
the presence of variations in blood pressure. For instance, the kidney is known 
to be able to keep its blood flow constant when perfusion pressure changes. In 
Janssen et al. [12] study, renal and mesenteric blood flows were unchanged 
with bamidipine 3 and 10 despite that blood pressure fell by about 25 mmHg. 
Nevertheless, these authors observed a decrease in renal and mesenteric vas- 
cular resistance maintaining the blood flow at its control level despite the fall 
in blood pressure. Besides those regulatory factors, the tissue selectivity of 
CCBs may also influence the difference in responsiveness observed between 
the vascular beds. In addition, activation of the renin-angiotensin system by 
low blood pressure could elevate the tissue level of angiotensin II, which may 
partly antagonize the effect of CCBs. From in vitro experiments on isolated 
arterial segments, it is known that the vasorelaxant effects of dihydropyridines 
depend on the level of precontraction. Therefore, it can be assumed that also 
in an in vivo situation, differences in the initial vascular resistance are of 
importance. Particularly in the SHR in which sympathetic tone to the renal 
arterioles is thought to be elevated, the relaxing effect of calcium entry block- 
ade may become less visible than in normotensive animals. 



Cerebral blood flow 

Cerebral blood flow (CBF) is unique in that it is constant in the face of chang- 
ing blood flow and pressure. Change in blood flow resulting from increase in 
cardiac output has consequences in tissue perfusion according to the vascular 
bed. For instance physical exercise producing a three-fold increase in cardiac 
output leads to a 10-fold increase in blood flow to skeletal muscle, halves renal 
blood flow, but does not modify CBF. Although the percentage distribution of 
cardiac output increases in skeletal muscle (21-71%), and decreases substan- 
tially in the kidney (19-3%), the change in the brain is far less (13-5%) [26]. 
This has been shown in several studies with antihypertensive drugs: pharma- 
cological agents can have pronounced effects on CBF. Differences in the 
mechanisms and sites of action of the various antihypertensive drugs leads to 
each category producing a characteristic pattern of vasodilatation and redistri- 
bution of cardiac output, at least acutely. As discussed by Atkinson and 
Capdeville [2], antihypertensive drugs can be divided into three categories, in 
the first of which are found those that decrease CBF. This first category can be 
further subdivided into drugs which interfere with noradrenergic vascular tone 
such as ganglion blocking agents, centrally acting hypertensive drugs like 
clonidine, alpha adrenoreceptor blocking agents such as prazosin and various 
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vasodilators such as diazoxide, sodium nitroprusside and nitroglycerin. A sec- 
ond group is composed of drugs that have minor effects on CBF. Antagonists 
of the vascular 5-HT2 receptor such as ketanserin, markedly increase cardiac 
output but produce very little change in CBF, blood flow being distributed 
mainly to the gut, kidneys and skeletal muscles. Likewise beta-blockers such 
as atenolol, have apparently no significant effect on CBF. Although other 
reports suggest that beta-blockers may slightly lower CBF. ACEI do not mod- 
ify basal CBF. A third category of antihypertensive drugs is composed of those 
that increase CBF, and amongst these are to be found the CCBs. The increase 
in cardiac output produced by CCBs, such as the dihydropyridine felodipine, 
for example, is accompanied by a marked increase in CBF, similar to that 
observed in coronary blood flow, and far above that seen in other organs such 
as the kidney, the gut and the skeletal muscles [4]. This pharmacological pro- 
file is shared with other vasodilators such as potassium channel activators and 
hydralazine, but, generally, the cerebrovascular dilator effects of dihydropyri- 
dine CCB were found to be more pronounced than those of other vasodilators. 

Hara et al. [9] have examined the effects of lomerizine, a CCB of the piper- 
azine group on cerebral cortical blood flow (CBF) in anaesthetized rats by 
laser Doppler flowmetry and on vertebral blood flow in anaesthetized beagle 
dogs with an electromagnetic flowmeter. They have observed that lomerizine 
(1.25-10 mg/kg, p.o.) dose-dependently increased CBF in rats without affect- 
ing blood pressure (BP) or heart rate (HR) (Fig. 3). They have measured the 
plasma concentration of lomerizine (free base) in anaesthetized rats at 30 and 
60 min after the initial administration of 5 mg/kg, p.o., times at which there 
was a significant increase in CBF. The values obtained for Cmax and Tmax 
were 27.6 ng/mL and 90 min, respectively. Lomerizine has been shown to dis- 
place specific 3 H-nitrendipine binding to guinea-pig cortex and dog aortic 
membranes with an IC50 of 86 nmol/L and a Ki of 340 nmol/L, respectively. 
This indicates that plasma levels so far observed were significant as far as con- 
cerned their functional efficacy. Effects recorded in dogs were consistant with 
observations made in rats and just reported above. Indeed, lomerizine (2.5 and 
5 mg/kg, intraduodenally) dose-dependently increased vertebral blood flow in 
dogs without significantly changing BP or HR. With 10-mg/kg intraduodenal 
lomerizine, vertebral blood flow remained elevated from 20 to 240 min after 
administration despite a concomitant decrease of BP occurring from 20 to 
120 min (Fig. 4). This confirms the concept reported above that CCBs might 
oppose the vasoconstrictive reflex in cerebral vessels, which is physiological- 
ly activated in response to a fall in blood pressure. It is worth to mention that 
all authors have not reported such remarkable effects of CCBs on cerebral 
blood flow (for ref see [2]). This may be due to experimental conditions 
including pharmacokinetic characteristics of the CCB considered, animal spe- 
cies, technique used to evaluate cerebral blood flow and to produce anesthesia. 

Such studies point to the complexity of the response of various vascular 
beds to a pharmacological intervention directed on the L-type Ca channels, a 
response that can be modified not only by the rate of action of the considered 
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Figure 3. Effects of lomerizine dihydrochloride on mean arterial blood pressure (MAP) (upper panel) 
and on cerebral cortical blood flow (CBF; measured by laser Doppler flowmetry) (lower panel) in ure- 
thane-anaesthetized rats, (from Hara et al. [9]; modified). Each data point represents the mean ± SEM 
for nine rats. Base values for cerebral CBF were estimated before the administration of the various 
doses of lomerizine and of the placebo: vehicle (distilled water; open circles); 1.25 mg/kg, p.o., lom- 
erizine (closed circles); 2.5 mg/kg, p.o., lomerizine (open triangles); 5 mg/kg, p.o., lomerizine (closed 
triangles); 10 mg/kg, p.o., lomerizine (open squares) *P < 0.05, **p< 0.01 compared with vehicle. 
The probe was fixed using adhesive agent to the surface of the thin dura mater, which is close to the 
cortex. Measurements made in this way represent the blood flow in the superficial vessels below the 
probe. The output of the equipment gives relative, rather than absolute values. Cerebral blood flow 
was measured for at least 120 min after drug administration. Note that the effects here measured do 
not give indication on blood circulation within the intracerebral circulation. 



drug but also by factors associated with the pathophysiological situation, 
which will be examined in another section of this book. 



Regional response and differences between CCBs 

Studies on anesthetized dogs may also help to characterize differences 
between molecules, considering not only their potency and the time course of 
their effect, as this is reported above, but also their specificity of action on a 
given vascular bed. A recent study dealing with renal haemodynamic does 
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Figure 4. Effect of of lomerizine dihydrochloride in pentobarbital-anaesthetized dogs. Changes in 
mean arterial blood pressure (MAP, upper panel) and vertebral blood flow (VBF, lower panel) after 
intraduodenal administration of 10 mg/kg. (from Hara et al. [9]; modified). Each data point represents 
the mean ± SEM for five dogs. *P < 0.05, **P < 0.01 compared with vehicle (open circles, lomer- 
izine: closed circles). Note that despite fall in blood pressure, blood flow in cerebral artery was not 
reduced, as expected from physiological reflex, but was increased due the effect of the CCB. 



illustrate this possibility with a comparison between various drugs acting on 
renal blood flow and on natriuresis, which also provides the opportunity to 
clarify the mechanisms involved in an effect important for the treatment of 
hypertension. Although they are potent vasodilators, calcium channel blockers 
do not cause sodium retention, an undesired effect that is observed with the use 
of other vasodilators, including a-blockers, hydralazine and minoxidil. Indeed, 
long-term therapy with calcium antagonists produces no alterations in circu- 
lating blood volume. Rather, calcium channel blockers increase sodium excre- 
tion in the face of hypotension when administered acutely to patients and 
experimental animals with hypertension (see [13]). It has been postulated that 
the mechanisms involved in the natriuresis evoked by calcium channel block- 
ers are associated with various processes such as: changes in renal haemody- 
namics, direct effects on renal tubules and either activation or suppression of 
vasoactive substances. Although calcium channel blockers exert their action 
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mainly through the blockade of L-type voltage-dependent calcium channels in 
vascular smooth muscles, several lines of evidence suggest that they possess 
multiple actions that could be independent of this channel blockade (see other 
Chapters and note the observation summarized above when considering the 
response of vascular beds to those drugs). Indeed, recent investigations have 
indicated that CCBs increase nitric oxide (NO) production both in vitro and in 
vivo [16]. Given that NO contributes to renal sodium handling, it is reasonable 
to speculate that natriuresis induced by calcium channel blockers might be 
associated with their interaction with NO. Another possible factor is the role 
of T-type channels in the renal response. Some calcium channel blockers, 
including efonidipine, are reported to block at similar concentration T-type, as 
well as L-type calcium channels, whereas some other calcium channel block- 
ers, including nifedipine, inhibit L-type calcium channels at concentrations 
much lower than T-type. T-type calcium channels have been identified in car- 
diac and vascular smooth muscle cells [6], their role in the renal circulation 
and in the tubular function could be understood by the use of selective block- 
ers to calcium channel subtypes. Actually, agents active on one specific Ca 
channel subtype have not been identified, but information may be provided 
when considering the ratio of potency of different drugs. Honda et al. [10] have 
compared compounds with different actions on renal afferent and efferent arte- 
rioles and have examined whether these calcium channel blockers exert diver- 
gent actions on natriuresis. Their effect on renal arterioles obviously depends 
upon the molecule so far examined (Fig. 5). The intravenous infusion of 
nifedipine (L-type blocker), efonidipine (L/T-type blocker) or mibefradil (pre- 
dominant T-type blocker) into anaesthetized dogs elicited similar, albeit mod- 
est, reductions in blood pressure. Nifedipine (1 jug -min -1 -kg') increased renal 
plasma flow (RPF) by 23 ± 6% (P < 0.05) and glomerular filtration rate (GFR) 
by 25 ± 5% (P<0.05). Efonidipine (0.33 pg-min -1 kg -1 ) elevated RPF by 
18 ± 6% (P < 0.05), and increased GFR by 17 ± 8%, but this was not statisti- 
cally significant. These drugs exerted contrasting actions on the filtration frac- 
tion (FF), with an increase being elicited by nifedipine, whereas efonidipine 
had no effect. Furthermore, mibefradil (0.01 ± 1 jug -min -1 -kg -1 ) slightly ele- 
vated RPF (between 5 ± 3% and 8 ± 3%), but failed to alter GFR, resulting in 
a decrease in FF. Nifedipine slightly increased urinary sodium excretion 
(UNaV): a 29 ± 16% increase of UNaV was observed with 1 pg-min _1 kg -1 
and fractional sodium excretion (FENa) increased by 18 ± 14%. Efonidipine 
(0.33 jig • min -1 • kg -1 ), which had a lower effect than nifedipine 
(1 pg min ^kg -1 ) on RBF and GFR, elicited marked elevations in UNa V 
(1 10-38%; P < 0.05) and FENa (102-44%; P < 0.05). Mibefradil 
(1 pg min -1 kg -1 ) exerted a moderate natriuretic action [UNa V: +60 ± 32% 
(P - 0.1): FENa: +67 ±20% (P<0.05)]. The urinary nitrate/nitrite excretion 
was dose-dependent but it showed no differences between the various calcium 
channel blockers, indicating that they had similar action on NO production and 
that this action could not account for the differences observed between drugs 
in their renal haemodynamic and natriuretic actions which are illustrated by 
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Figure 5. The action of CCBs on kidney perfused with Krebs-Ringer at a perfusion pressure of at 
80 mm Hg in the renal artery; their effect on afferent and efferent arterioles. Modified from Ozawa et 
al. [19]. Upper panel: Experimental representative tracing illustrating the reversal by mibefradil of 
Ang II-induced constriction of renal arterioles. Note that mibefradil reversed the Ang II-induced vaso- 
constriction of both afferent and efferent arterioles. In control experiment, Ang II-evoked vasocon- 
striction of both afferent and efferent arterioles persisted for at least 60 minutes. Lower panel: Further 
illustration of the selectivity of action of CCBs; their heterogeneity as renal vasodilators. Nifedipine 
(1 pmol/L), nilvadipine (1 pmol/L), mibefradil (1 pmol/L), NiCL (100 pmol/L), and efonidipine 
(1 pmol/L) administered during Ang II-induced afferent and efferent arteriolar constriction. The ratio 
of efferent/afferent arteriolar vasodilation is indicated for each CCB, showing differences between 
drugs. 



Figure 6. According to the authors, the natriuretic action of calcium channel 
blockers could be related to the inhibition of tubular sodium reabsorption asso- 
ciated with the increased post-glomerular blood flow, an effect highly related 
to the chemical structure of the CCB considered. 

Although differences in natriuresis do not appear to be related to a differ- 
ence in enhanced NO production by CCBs, a role for interaction of CCBs with 
NO, illustrated by various experiments in vitro [7], is also obvious in vivo. It 
has been shown in vitro that amlodipine increases NO levels in coronary ves- 
sels and aorta via bradykinin-dependent mechanisms (see page 188). Based on 
their observation that benidipine, a long-acting Ca channel blocker increases 
cardiac NO levels in ischaemic canine hearts, Asanuma et al. [1] have exam- 
ined the action of this CCB on reperfusion after injury of coronary arteries. In 
open chest dogs, the left anterior descending coronary artery was perfused 
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Figure 6. The action of CCBs: N = nifedipine, E = efonidipine, M = mibefradil on RPF (renal plasma 
flow) and on UnaV (urinary sodium excretion). From Honda et al. [10], (modified) Note dissimilari- 
ties between drugs as far as renal plasma flow and urinary sodium excretion are concerned. After the 
administration of 0.1 pg/min/kg nifedipine, RPF was increased by 15 ± 4% and by 23 ± 6% at a dose 
of 1 pg/min/kg. Similarly, efonidipine caused marked rises in RPF, with increments of 20 ± 8% and 
18 ± 6% at doses of 0.16 and 0.33 pg/min/kg respectively. In contrast, mibefradil elicited modest 
increments in RPF at 0. 1 pg/min/kg and even at 1 pg/min/kg. On the other hand, as this is illustrated 
in this Figure, nifedipine caused only slight increase of urinary sodium excretion: increments of 
32 ± 8% and 25 ± 7% at 0.1 and 1 pg/min/kg respectively. In striking contrast, efonidipine markedly 
enhanced natriuresis: U Na V was increased by 108 ±31% and 110 ±38% at doses of 0.16 and 
0.33 pg/min/kg, respectively. Mibefradil exerted a mild natriuretic action: 27 ± 15% at 0.1 pg/min/kg 
and 60 ± 32% at 1 pg/min/kg, intermediate between that seen with lower nifedipine and efonidipine. 
Thus this experiment illustrates clearly a dissociation between the action of CCBs on renal plasma 
flow and on urinary sodium excretion. 



with blood through a bypass tube and was occluded for 90 min followed by 6 
hours of reperfusion. Infarct size was assessed by TTC staining at 6 hours of 
reperfusion. When benidipine at doses of 50, 100, and 200 ng/kg/min was 
infused via the bypass tube between 10 min prior to the onset of ischaemia and 
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after 60 min of reperfusion, systemic blood pressure did not change signifi- 
cantly. Infarct size decreased with the administration of benidipine (50, 100, 
and 200 ng/kg/min) when compared to the untreated condition (24.8 ± 2.5, 
17.3 ±3.1, and 16.5 ± 2.0 versus 43.4 ± 5.6%, respectively), this was associat- 
ed with the increased release of NO and bradykinin in the coronary venous 
blood upon reperfusion. The limitation of the infarct size by benidipine was 
completely blunted by either L-NAME, which inhibits the production of NO 
by NO-synthase or by HOE 140 (icatibant), which antagonizes the action of 
bradykinine. The protective action of benidipine in this acute ischaemic model 
involves obviously NO, but this not rules out the role of other actions due to 
calcium channel blockade, such as the reduction of the heart wall stress asso- 
ciated with the arterial vasodilatation. Again, this confirms the complexity of 
the in vivo action of drugs even if a specific target has been identified for their 
action. 

In the former experimental models, we have considered normal animals, 
hypertensive ones and animals with coronary insufficiency. Another major 
pathological event is cardiac insufficiency, a situation where the sympathic 
system is highly activated. Although there is no real specific antagonist for the 
L or T-type Ca channels that regulate the function of the cardiovascular sys- 
tem, it has been recently proposed that CCBs more selective for T-type than 
L-type Ca channels could be efficient in treating cardiac insufficiency. It is 
known that mibefradil, the protoptype of T-type selective CCBs, has been 
withdrawn from therapy for incompatibility with other drugs, which does not 
preclude any theoretical consideration related to its action in various patholo- 
gies. Because T-type selective CCBs are more selective for inhibiting contrac- 
tile activity in vascular than in cardiac tissue, it has been hypothesized, by 
analogy with was done with vascular-selective dihydropyridines like nisoldip- 
ine, that they could be used in left ventricular insufficiency. From clinical data 
it is known that in patients with LV ejection fraction of 40%, i.v. mibefradil is 
associated with a near 30% increase in plasma norepinephrine concentration 
but this increase is, in general, well within the limits of the analytical method 
used and considerably lower than that seen with i.v. infusion of other CCBs. 
Despite the marked vasodilator and anti-ischaemic actions of existing calcium 
channel blockers, their use in the treatment of patients with chronic heart fail- 
ure (HF) remains highly controversial. Shimoyama et al. [20] compared the 
short-term haemodynamic effects of i.v. mibefradil, a predominant T-type cal- 
cium channel blocker with only partial L-type calcium channel antagonism, 
and diltiazem, a selective L-type calcium channel antagonist (which has been 
shown to have a vascular selectivity similar to nifedipine, see page 120) in 
dogs with chronic HF. Each of three interventions namely, mibefradil, dilti- 
azem and normal saline (as placebo control), were studied in random order (six 
days between each drug intervention), in each of eight dogs with chronic HF 
produced by multiple intracoronary microembolizations. Intravenous 
mibefradil and diltiazem were administered as a 100 mg/kg bolus followed by 
a continuous infusion of 6 and 4 mg/kg/min, respectively, for 15 min. Equal 
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volumes of normal saline were administered in an identical fashion. In all 
instances, haemodynamic parameters were obtained at baseline and at 5, 10, 
15, 30 and 60 min after bolus drug administration. Left ventriculograms were 
obtained at baseline, and at 15 and 60 min after bolus drug administration. 
Saline infusion had no effects on haemodynamic or angiographic indexes of 
left ventricular (LV) function. At 15 min, mibefradil caused significant 
increases of LV stroke volume and LV ejection fraction compared to baseline 
(40. 6 5 versus 31. 6 3 ml, P < 0.05 and 41. 61 versus 28. 6 1%, P < 0.05, 
respectively). In contrast, at 15 min, diltiazem produced no significant changes 
of LV stroke volume or ejection fraction compared to baseline despite reduc- 
ing mean aortic pressure to the same extent as mibefradil. Short-term i.v. 
mibefradil improves LV function in dogs with chronic HF. According to the 
authors, the beneficial effects of mibefradil compared to diltiazem may be a 
consequence of vascular selectivity of this T-type calcium channel selective 
blocker, resulting in a vasodilatory response that is free of negative inotropy. 
Similar data have so far be obtained with nisoldipine compared to a non-vas- 
cular-specific CCB. 

Thus in various situations, haemodynamic studies point to major differ- 
ences between CCBs, not only in potency but also in selectivity of action. This 
emphasizes the observation that even drugs having a specific molecular target, 
may behave differently in vivo , because of the uneven distribution of this tar- 
get among organs, which become important sites of action in some patho- 
physiological situations. This hypothesis is examined throughout the chapters 
of this book. 



The action of catecholamines illustrates the complexity of regional responses 

The regional variation of response to CCBs might be at least partly related to 
the regional variation in receptors for diverse endogenous vasoconstrictors and 
vasodilatators, which might influence the blood flow through of the various 
vascular beds. As reviewed by Guimares and Moura [8], there is a regional 
variation in the distribution of vascular adrenoceptors and the response to 
cathecholamines of the various vascular beds is complex. In view of the obser- 
vations that the relaxing action of CCBs may depend upon the previous tone 
and because action of vasodilators may be synergistic, it is of importance to 
examine how the various beds respond to catecholamines. For many years, it 
has been accepted, at least in humans, that splanchnic and skeletal muscle vas- 
cular beds dilate to adrenaline because (3-adrenoceptors predominate in their 
vessels, whereas adrenaline consistently reduces renal and skin blood flow, 
because in renal and skin vessels a- adrenoceptors are predominant. The cere- 
bral and coronary arteries are of particular importance in the whole of the vas- 
cular system, because of the vital functions of the organs they supply. The 
cerebral circulation of many species has an abundant and dense sympathetic 
innervation. However, the response of the cerebral vasculature to sympathetic 
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nerve activity is comparatively small. In humans, the influence of sympathet- 
ic innervation on the tone of cerebral vasculature is weak and reflects not only 
a low density of innervation, but also a reduced number of a-adrenoceptors. 
The sympathetic neurogenic control of cerebral arteries decreases with 
decreasing diameter of the vessel and the contraction of human pial arteries is 
very weak in response to nerve stimulation [25]. The maximum vasoconstric- 
tion to noradrenaline in the middle meningeal artery reaches 34% of the max- 
imum to KC1 and in the pial artery it reaches only about 10%. Furthermore, 
cerebral arteries of the rat and pig do not contain functional a-adrenoceptors, 
an indication that some information from animal studies could not be simply 
extrapolated to human. There is also evidence that the population of postjunc- 
tional (3-adrenoceptors is not important in cerebral arteries. However, a small 
number does not necessarily mean a lack of influence of the sympathetic 
nerves on the cerebral circulation, which may be exerted through a cross-talk 
between sympathetic nerves and other neuronal systems. For instance, the 
nicotine-induced relaxation in the porcine basilar artery appears to result from 
the activation of nicotinic receptors on the presynaptic adrenergic nerve termi- 
nals causing a release of noradrenaline that activates pi -adrenoceptors located 
on nitroergic nerves and promotes the release of NO [23 a]. Another effect 
mediated by adenoceptors is that observed in segments of rabbit middle cere- 
bral arteries, where the activation of endothelial a2-adrenoceptor causes a 
reduction in endothelin-1 production and promotes vascular relaxation [23]. 

In the coronary circulation, the relative amount of a-and P-adrenoceptors 
and the relative functional role they play also does not fit into the general pat- 
tern of the vascular beds. In the pig, the small coronary vessels exhibit little or 
no a-adrenoceptor-mediated activity, and the large coronary artery contains 
a 1 -adrenoceptors, mainly of the a 1A -subtype, but the functional importance of 
their vasoconstrictive effect is unclear. In the coronary artery of the dog, the 
functional role of a-adrenoceptors varies between undetectable and of little 
expression. In vessels with spontaneous tone, isoprenaline causes concentra- 
tion-dependent relaxations, whereas noradrenaline and adrenaline cause either 
contraction (of small magnitude) or relaxation. However, after the tone had 
been elevated by phenylephrine, both adrenaline and noradrenaline cause con- 
centration-dependent relaxations that is lower than that caused by isoprenaline. 
In coronary arteries, pi -adrenoceptors are largely predominant by contrast to 
the mesenteric, splenic, and pulmonary arteries, where P2- adrenoceptors pre- 
dominate. In dog, the number of p-adrenoceptor-mediated responses of epi- 
cardial coronary arteries is inversely related to the size of the vessel. In the 
splanchnic vascular bed of the dog, a-adrenoceptor-mediated effects always 
predominate over P-adrenoceptor-mediated responses when adrenaline is used 
as agonist. It is hypothesized that p-adrenoceptors are associated only with 
arterioles and precapillary sphincters. In the hindlimb of the dog adrenaline, 
despite reaching arterioles and precapillary sphincters, causes concentration- 
dependent increases of the perfusion pressure, showing that a-adrenoceptor- 
mediated vasopressor effect predominates also in this vascular bed [8]. 
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The vascular response to adrenoceptors stimulation may be affected in 
many diseases, either due to alteration of the vessel or of control and/or num- 
ber of the receptors. Additionally, measurement of cardiovascular parameters 
in animal models for diseases may be the result of multifactor systems. Their 
interpretation is far more complex than results from in vitro experiments. 
According to Guimares and Moura, the determination of maximum responses 
of the blood pressure to pressor agents is often impossible; hence, it is haz- 
ardous to provide a full and satisfactory description of an enhanced vasopres- 
sor response as being due to a parallel shift of the dose-response curve to the 
left, to an increase of the maximum response, or to both? The analytical 
description of the effect of any agent preventing this change in responsiveness 
is also elusive. 

As a consequence of such a complexity illustrated by limitations of attempts 
to delineate from haemodynamic studies the role played by adrenoceptors in 
various diseases, it may be anticipated that drugs like CCBs, which interact 
with processes responsible for vascular tone involving catecholamines or other 
autocoids, may exhibit variations in action according to the vascular bed or the 
animal model so far considered. 
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Calcium channels and regulation of vascular tone in 
hypertension 



The intravenous injection of calcium antagonists produces a hypotensive effect 
more pronounced in hypertensive than in normotensive animals. In conscious 
rats, Ishii et al. [17] have observed that a similar decrease of blood pressure was 
evoked by nifedipine at doses much lower in SHR than in WKY. Knorr and 
Garthoff [22] have compared the activity of nitrendipine and hydralazine on the 
blood pressure of SHR and WKY. They have reported that the vasodilator 
hydralazine was equipotent in both strains, but that nitrendipine evoked a much 
lesser reduction of blood pressure in WKY than in SHR, an observation con- 
sistent with clinical studies in humans [21, 25] and confirmed with lacidipine 
and amlodipine [11]. Godfraind and colleagues [12, 26] have measured the tis- 
sular concentration of amlodipine and nisoldipine at dosages which signifi- 
cantly reduced blood pressure in hypertensive (SHR) rats, but did not change 
the blood pressure of normotensive (WKY) rats. As shown on Table 1, the tis- 
sular concentration of the drugs was similar in both strains. Together with other 
haemodynamic observations [14], these studies indicate that calcium antago- 
nists have an activity profile different from classical arteriolar vasodilators. 
Indeed, it has been reported that during chronic administration of a calcium 
antagonist, the decrease of blood pressure is observed without modification of 
the cardiac frequency [31]. It has been shown that vascular smooth muscle 
from hypertensive animals are hypersensitive to vasoconstrictors [5, 6, 10, 14, 
20, 27, 31]. Their hyper-reactivity has been suggested to arise either from 
change in receptor affinity or in receptor number, or in the transduction mech- 



Table 1. Dihydropyridine free tissular concentration in hypertensive and normotensive rats after 
chronic treatment by nisoldipine (80 mg/kg/day p.o.) or amlodipine (10 mg/kg/day p.o.) 



Drug 


Nisoldipine 


Amlodipine 




Decrease in BP 


Free tissular 


Decrease in BP 


Free tissular 




(mm Hg) 


concentration 


(mm Hg) 


concentration 


SHR 


79 ±5.8 


15-75 pM a 


35 ± 6.9 


4-6 nM b 


WKY 


N.S. 


15-75 pM a 


N.S. 


3-5 nM b 



a estimated from the inhibition of the specific binding of 3 H(+) isradipine in heart membrane (nisol- 
dipine). 

b Estimated from the displacement of concentration-contraction curve of Bay K8644 in aortic rings. 
Data recalculated from [12, 26]. 
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anisms of the receptor. In addition, several reports have demonstrated abnor- 
malities of Ca 2+ handling in vascular smooth muscle cells (SMCs) of hyper- 
tensive animals which, regarding the important role played by Ca 2+ in the reg- 
ulation of vascular tone, could be responsible for marked change in vessel reac- 
tivity [23, 29]. It is generally accepted that abnormalities of resistance arteries 
may play a role in the pathogenesis and pathophysiology of hypertension in 
experimental animals and humans. Most authors consider that a fundamental 
cause of increased peripheral resistance is a decrease in lumen diameter. 
Vascular tone, which results from the contractile activity of vascular smooth 
muscle cells in the walls of small arteries and arterioles, is the major determi- 
nant of the resistance to blood flow through the circulation. It plays an impor- 
tant role in the regulation of blood pressure and the distribution of blood flow 
between and within the tissues and organs of the body. Regulation of the con- 
tractile activity of vascular smooth muscle cells in the systemic circulation is 
dependent on a complex interplay of vasodilator and vasoconstrictor stimuli 
from circulating hormones, neurotransmitters, endothelium-derived factors and 
blood pressure. All of these signals are integrated by vascular muscle cells to 
determine the activity of the contractile apparatus of the muscle cells and hence 
resistance of a blood vessel. Ion channels play a central role in this process. As 
already discussed above, calcium influx through channels in the plasma mem- 
brane and calcium release from intracellular stores are the major source of acti- 
vator Ca 2+ . In addition, the movement of ions through ion channels determines 
membrane potential. Potassium channels are the dominant ion conductive path- 
ways in vascular muscle cell, their activity contributes to determination and 
regulation of membrane potential and thereby to vascular tone. Opening of 
potassium channels results in diffusion of this cation out of the cells leading to 
membrane hyperpolarization; closure of K channels has the opposite effect. 
Thus the activity of K channels regulates the function of Ca channels. In vas- 
cular muscles, different classes of K channels have been identified, including 
ATP-sensitive K (K ATP ) channels, large-conductance Ca 2+ - activated K (BKc a ) 
channels, voltage-activated K (K v ) channels, and inward rectifier K (K IR ) chan- 
nels. Expression of BK Ca channels in vascular smooth muscle membranes is 
increased during hypertension and has been proposed to occur as a negative 
feedback response to the loss of K v channels. The increase of reactivity to 
vasoconstrictors that is observed in hypertension [3, 4, 7, 18, 24, 26] might be 
related to both up-regulation of Ca channels and K v channel loss. 

The vascular changes that produce decreased lumen size may be structural, 
mechanical, and functional. In hypertension, the change in structure of resist- 
ance arteries involves a combination of processes usually termed eutrophic 
remodeling and hypertrophic remodeling [16], in cerebral vessels of sponta- 
neously hypertensive salt- sensitive rats, this remodeling is extensive after salt 
load, see page 169, Figure 5 [2]. When considering the vessel wall, one can- 
not miss the role of endothelium. Indeed as reported by Vanhoutte [32], abnor- 
mal release of relaxing and contracting factors from endothelial cells may con- 
tribute to the vascular abnormalities in hypertension. The endothelium controls 
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the tone of the underlying vascular smooth muscle by releasing relaxing and 
contracting factors. The former include prostacyclin, nitric oxide (NO) and 
endothelium-derived hyperpolarizing factor (EDHF), and the latter endoper- 
oxides, thromboxane A2, superoxide anions and endothelin. In most types of 
hypertension, endothelium-dependent relaxations are curtailed, because of a 
reduced production of endothelium-derived NO and/or action EDHF. Figure 1 
illustrates those modifications as observed in rat basilar artery [30]. In essen- 
tial hypertension, endothelium-dependent relaxations are reduced also because 
of the endothelium-dependent production of vasoconstrictor prostanoids 
(endoperoxides and, in some cases, thromboxane A2). The endothelial dys- 
function observed in hypertensive blood vessels is likely to contribute to the 
alteration of the cardiovascular system. Interaction of CCBs with the release 
and the function of endothelium-derived relaxing factors (NO and EDHF) may 
contribute to their therapeutic effects, in addition to their direct short- and 





Figure 1. Response of rat isolated basilar artery to acetylcholine (Ach) and serotonin (5-HT). Upper 
panel: basilar artery isolated from normotensive WKY rat Left: artery precontracted by 5-HT and 
relaxed by Ach; right: artery exposed to increasing concentrations of 5-HT. Lower panel: basilar artery 
isolated from hypertensive SHRSP rat Left: artery precontracted by 5-HT and relaxed by Ach; right: 
artery exposed to increasing concentrations of 5-HT. Note the differences in responses between WKY 
and SHRSP, indicating a reduced production of NO in SHRSP. Modified from [30]. 
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long-term actions on vascular smooth muscle cells. Functional abnormalities 
of vessels may be caused or influenced by the over-expression of extracellular 
matrix components, such as collagen and elastin, and by changes in cell-extra- 
cellular fibrillar attachment sites, such as adhesion molecules like integrins 
[15, 16]. Finally, extrinsic factors related mainly to the activation of the sym- 
pathetic nervous system are also operating in hypertension disease [8, 9, 19]. 

Due to the complexity of the various mechanisms involved we shall only 
address in this section the immediate interaction of CCBs with hypertensive 
vessels. 

Different observations suggest that voltage-dependent Ca 2+ channels could 
be altered in vessels from hypertensive rats. The first argument for the impli- 
cation of a change in Ca 2+ channels in hypertension is the blood pressure low- 
ering effect of Ca 2+ antagonists, which is stronger in hypertensive than in nor- 
motensive subjects, as already mentioned above [21, 25]. Indeed, when com- 
pared to vessels isolated from normotensive WKY rats, changes are occurring 
in the functional responses to Ca 2+ channels modulation in arteries from spon- 
taneously hypertensive rats (SHR). Seeking for the cause of those modifica- 
tions, different hypothesis have been tested, including a defect in the endothe- 
lial function. The existence of a change in the receptor properties of the Ca 2+ 
channels has been tested by measuring the binding of a dihydropyridine Ca 2+ 
channel blocker [26]. The up-regulation of 0Ci c subunits of calcium channels 
has been documented in mesenteric arteries and in skeletal muscle arteries 
from SHR [28]. 

In vitro experiments [12] have shown that arteries of spontaneously hyper- 
tensive rat (SHR), precontracted by exposure to 100 mM KC1 solution and 
thereafter transferred into a physiological solution, exhibited long lasting ele- 
vation of their tone. This tone was suppressed by adding CCBs on the top of 
the contraction, indicating its calcium dependency. It was not found after pre- 
incubation of the arteries with the dihydropyridine Ca 2+ channel blockers 
nisoldipine and amlodipine, and was absent in aortas from SHR treated with 
doses of amlodipine and nisoldipine that inhibited the development of hyper- 
tension. The amplitude of this post-contraction tone, which was absent in arter- 
ies from normotensive rats, was related to the age of the rat, being much high- 
er in older than in younger rats (Fig. 2). Furthermore, after prolonged exposure 
(hours) of mesenteric arteries in physiological solution, SHR arteries present- 
ed an increase in tone and a rhythmic contractile activity not seen in WKY 
arteries, indicating that arteries from hypertensive animals were controlled by 
factors unperceived in arteries from normotensive ones [12, 26]. Such a rhyth- 
mic activity abolishable by CCBs provides a further illustration for the activi- 
ty of Ca channels in hypertensive vessels that has been attributed to alterations 
of dihydropyridine-sensitive Ca channels in SHR vessels [28, 29]. 

Several reports [1, 14] have shown that arteries isolated from hypertensive 
rats present an increased sensitivity to the Ca 2+ channel activator Bay K 8644 
which is known to produce a contraction of vascular smooth muscles by 
increasing the probability of opening of voltage-operated Ca 2+ channels [13]. 
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Figure 2. Post-contraction tone in rat mesenteric arteries isolated from rats untreated (left) and treat- 
ed (right) by nisoldipine 80 mg/kg/day (per os). Open symbols: normotensive WKY, closed symbols: 
hypertensive SHR. Note that this tone was absent in SHR treated with nisoldipine, showing its sensi- 
tivity to CCBs. Modified from [12]. 



This selective responsiveness of arteries from hypertensive rats is illustrated in 
Figure 3, which shows that mesenteric arteries from 20 week old normotensive 
WKY and SHR, in the presence of Nco-nitro-L-arginine (L-NNA - 100 pM) to 
block the synthesis of nitric oxide, were more sensitive to Bay K 8644 com- 
pared to preparations from WKY; pD2 values (negative log value of the molar 
concentration producing 50% of the maximum response) of Bay K 8644 were 
equal to 8.2 ± 0.07 (n = 7) and 7.62 ± 0.13 (n = 6; P < 0.05) in SHR and WKY, 




Bay K 8644 (M) 

Figure 3. Response of arteries isolated from SHR and WKY to the calcium channel activator Bay K 
8644, showing the increased responsiveness of SHR arteries. Modified from [26]. 
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respectively. The concentration-response curves to Bay K 8644 measured in 
aortic rings of the same rats gave pD2 value of Bay K 8644 significantly high- 
er in SHR (8.06 ± 0.07) compared to WKY (7.67 ± 0.09) (P < 0.05 - n = 6). 
The effect of an in vitro incubation of the isolated artery rings in the presence 
of various concentrations of the Ca antagonistic dihydropyridine amlodipine 
on the response to Bay K 8644 is illustrated in Figure 4. In aortas isolated from 
WKY, amlodipine (1-10 nM) shifted the concentration-response curve of Bay 
K 8644 to the right without producing a significant decrease in the maximum 
response. In aortas from SHR, the Bay K 8644 curves shift to the right was 
more pronounced than in WKY and the maximum response to Bay K 8644 



Aorta 





Bay K 8644 (M) 



Figure 4. Action of amlodipine on the contractile response of rat aorta isolated from SHR and WKY 
to the calcium channel activator Bay K 8644. Note the difference in antagonism by amlodipine (1,3, 
10 nM) between SHR and WKY. Modified from [26]. 
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Figure 5. Specific binding of +isradipine (+PN 200-110) in intact aorta isolated from WKY (O) and 
SHR (A) bathed in physiological solutions at various KCl concentrations shown on the abcissa. 
Modified from [26]. 

was significantly depressed. When analyzed with a model of non-competitive 
antagonism experimental data yielded the following K B values for amlodipine 
equal to 3.9 ± 0.7 nM and 1.3 ± 0.3 nM (P < 0.05), in WKY and SHR aortas, 
respectively. Thus, amlodipine is a more potent inhibitor of the Bay K 8644 
induced contraction in SHR than in WKY arteries [26] . 

Pratt et al. [28] have recently shown that arteries from SHR expressed high- 
er levels of a ic subunit mRNA and protein than WKY arteries. Their data pro- 
vide the evidence that the a lc subunit mRNA and protein are up-regulated in 
SHR arteries. This increased number of L-type Ca2 channel pores is likely 
associated with the generation of abnormal vascular tone described above. 

Study of DHPs specific binding in segments of intact aortas and mesenteric 
arteries preserves the cellular factors that regulate the activity of Ca 2+ chan- 
nels. The binding of amlodipine was voltage-dependent, according to the mod- 
ulated receptor model, which shows that the binding affinity of dihydropyri- 
dine Ca 2+ antagonists is varying with the state of the Ca 2+ channel, the inacti- 
vated state of the channel in arteries exposed to high KCl presenting a higher 
affinity than the resting state of the channel. As illustrates by Figure 5, for KCl 
concentrations below 20 mM, the specific binding of amlodipine was signifi- 
cantly higher in aorta from SHR compared to WKY (P < 0.05). This difference 
may be related to a higher proportion of inactivated channels in SHR aortas. 
According to the equation: 



l/K^h/KR + O-hyKj 
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Table 2. Resting membrane potential (RMP) of SHR and WKY aortic smooth muscle cells (data from 
[26]) 





RMP (mV) 




Rat group 


Without L-NNA 


With L-NNA 


SHR 


-40.4 ±0.9 (13/3) 


-36.2 ±1.9 (8/3) 


WKY 


-52.2 ±0.6 (14/3) 


-49.2 ±0.9 (14/3) 



where K R and Kj are the dissociation constants for the resting and inactivated 
channel, respectively, K R being »> than K h Kapp the apparent dissociation 
constant and h the proportion of the inactivated channels. In aortas bathed in 
physiological solution the proportion of inactivated channels is less than 10% 
in WKY and amounts to about 30% in SHR [26]. This difference in binding of 
DHP between SHR and WKY may be related to the difference in resting mem- 
brane potential that has been noted between SHR and WKY aortic smooth 
muscle cells (SMCs), SHR aortic SMCs being depolarized by about 10 mV 
compared to WKY aortic SMCs (Tab. 2). 

From experimental data summarized above, it is obvious that CCBs have a 
specific interaction with hypertensive vessels, which provides a rationale for 
explaining why their antihypertensive action is higher in hypertensive than in 
normotensive subjects. This indicates that calcium channel blockers may be 
considered as specific antihypertensive agents and not as simple vasodilator 
agents, a hypothesis that is reinforced when examining their long-term effects 
(see pages 161-179). 
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Long-term effects of calcium antagonists 



In short-term studies, calcium antagonists lower arterial pressure by decreas- 
ing total peripheral resistance. As a consequence, the expected physiological 
response should be reflex tachycardia, increased cardiac output accompanying 
an increase of plasma catecholamines and of plasma renin activity. This 
response to abrupt vasodilatation, which can paradoxically elicit angina and 
even acute myocardial infarction, has been reported in early clinical trials with 
short-acting compounds [58]. These acute haemodynamic and neuroendocrine 
changes are not observed with the long-acting formulations and the long act- 
ing compounds. Most calcium antagonists diminish automaticity of the sinus 
node, slow conduction in the atrioventricular node, and have little, if any, effect 
on the automaticity of the myocytes. The classical dihydropyridines generally 
have less effect on automaticity and cardiac conduction than non-dihydropy- 
ridines. The negative inotropic effect is most profound with non-dihydropy- 
ridines and is greatly reduced or absent with newer dihydropyridines, such as 
isradipine, felodipine, amlodipine, nisoldipine, cilnidipine. Long-acting calci- 
um antagonists generally improve myocardial oxygenation by unloading the 
heart, increasing coronary blood flow, and reducing myocardial oxygen con- 
sumption. Thus, calcium antagonists have a variety of beneficial effects in 
patients with hypertensive heart disease: they reduce left ventricular hypertro- 
phy and its sequelae, such as ventricular dysrhythmias, impaired filling and 
contractility, and myocardial ischaemia [37]. 

The most obvious consequence of the blockade of calcium channels in vas- 
cular smooth muscle is the decrease in blood pressure. As discussed above (see 
page 151), for a given dosage, this decrease is more pronounced in hypertensive 
than in normotensive, an observation made in both rats and humans, an indica- 
tion for a specific action of calcium channel blockers as antihypertensive and not 
simply vasodilator agents. Potential mechanisms involved in their particular 
action on elevated blood pressure have been considered in the former chapter. 

* Recently, Frohlich [18] reported that clinical studies have demonstrated a 
dramatically reduced morbidity and mortality from strokes and coronary heart 
disease (CHD) with the introduction of the pharmacotherapy of hypertension 
over the past four decades. The reduction of strokes could be, at least in part, 
related to the control of elevated blood pressure; but, according to a recent 
meta-analysis, all drugs used to control blood pressure are not equivalent in 
this respect [56]. Because, cardiac and renal failure continue to increase unre- 
lentingly, this raises the question that simple reduction of blood pressure could 
not be the main outcome for the prevention of the fatal consequences of hyper- 
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tension. Indeed, regional circulations are not strictly pressure-dependent. 
Local factors may play an important role in controlling tissue perfusion and 
pathophysiological companions of the elevated blood presure may be activat- 
ed within the major target organs during hypertensive disease. 

Several experimental models have allowed identification of various families 
of vasodilator drugs including powerful vasodilators such as hydralazine, 
P-adrenergic agents, ACE inhibitors and calcium antagonists. They have also 
been used in order to mimic human disease and to characterize pathophysio- 
logical pathways and pharmacotherapeutic interventions. Among those mod- 
els, spontaneously hypertensive rats (SHR), salt-sensitive rats (stroke prone 
rats (SHRSP), Dahl rats, DOCA-salt rats) and L-NAME-exposed rats have 
been the most investigated. The best studied organ targets were heart, arteries 
and kidneys. A typical feature of the cardiovascular system in hypertension is 
the tissue remodeling macroscopically characterized by hypertrophy of heart 
and arteries. Cardiovascular remodeling has been observed in angiotensin 
II-infused rats. Angiotensin II perfusion enhances endothelin-1 (ET-1) tissues 
levels. ET-1 is produced within the vascular wall and plays a critical role in 
vascular hypertrophy in many models of hypertension, such as deoxycorticos- 
terone acetate (DOCA)-salt rats or stroke-prone spontaneously hypertensive 
rats. Indeed, in (DOCA)-salt rats in which ET-1 plays a vasoconstrictor role, 
ET-1 was over-expressed in the vessel wall, and systolic blood pressure (SBP) 
was lowered by endothelin receptor antagonists. Moreover, in these experi- 
mental models, treatment with ET-1 receptor antagonists evoked regression of 
vascular growth and inflammation and improved endothelial dysfunction. 
ET-1 production by endothelial cells can be activated by many other factors, 
such as insulin or thrombin, through c -jun fixation on the activator protein- 1 
site of the prepro-ET-1 promoter. Those factors might also be operating in the 
pathologies co-existing with cardiac and renal failure (see [52]). 

The endothelin family comprises three 21 -amino-peptides: ET-1, ET-2 and 
ET-3. These peptides are expressed in various tissues and cells. Endothelial 
cells predominantly produce ET-1 that is also produced by cardiac myocytes, 
vascular smooth muscle cells, macrophages etc. ET-1 and ET-2 are expressed 
in the kidney. ET-3 is expressed in the intestine and in adrenal gland [35]. 

ET-1 is considered as the major cardiovascular peptide. It is a powerful 
vasoconstrictor. At preconstricting levels, it enhances the response to other 
vasoconstrictors [14, 20]. Therefore, even minor changes in its local concen- 
tration may alter the vascular tone by an interaction with the action of other 
vasoconstrictors. Furthermore, ET-1 can permanently alter the cardiovascular 
system through its mitogenic [24] and trophic properties [22]. Sequence analy- 
sis of ET-1 cDNA showed that ET-1 is produced from a precursor named pre- 
proendothelin. This precursor is cleaved by an endopeptidase to give big-ET- 
1. Big ET-1 is converted in ET-1 by an endothelin-converting enzyme (ECE). 
Most of this conversion is occurring in two types of vesicles. According to 
Russell and Davenport [47] two distinct exocytic pathways are involved in the 
transport of ET-1 to the cell surface. ET-1 is stored in Weibel-Palade bodies 




Long-term effects of calcium antagonists 



163 



with other vasoactive compounds and is released at the cell surface following 
an appropriate stimulus; this constitutes the regulated pathway. ET-1 is also 
stored into secretory vesicles and continuously released by a cAMP-independ- 
ent constitutive pathway contributing to the maintenance of normal physiolog- 
ical tone. Release of ET-1 via the regulated pathway is activated in response to 
vascular injury. 

ET-1 has a paracrine and autocrine effect by acting through two types of 
receptors: ET A and ET B . ET A receptors are located in vascular smooth muscle 
cells, in cardiomyocytes, in lung and in brain. ET B receptors have been identi- 
fied on the vascular endothelium, in brain, lung, intestine and kidney. The acti- 
vation of ET a receptors is responsible for contraction. The activation of ET B 
receptors located on endothelium releases NO and counterbalances the con- 
tractile effect. 

The involvement of ET-1 in pathology has been suspected early after the 
discovery of this peptide. This has been demonstrated by the experimental 
study of the newly-developed antagonists. The antihypertensive efficacy of 
endothelin antagonists appears to depend upon the model of hypertension. In 
hypertension with over-expression of endothelin such as DOCA-salt, 
angiotensin II-induced, SHRSP and Dahl rats, there is a consistent reduction 
of SBP observed in animals exposed to the antagonists. In hypertension mod- 
els without over-expression of ET-1 such as SHR or L-NAME hypertension, 
the effect is inconsistent. The L-NAME model is interesting because, in acute 
studies an effect of those antagonists was observed, but not in chronic studies. 
This is surprising in view of the demonstration that NO inhibits ET-1 release 
and function in vitro. 

In cultured neonatal cardiac myocytes, ET-I induces hypertrophy, while 
other stimuli such as mechanical stretch or angiotensin II (Ang II) may evoke 
hypertrophic growth by increasing ET-1 biosynthesis. ET-1 has also been 
shown to play an important role in some in vivo models of cardiac hypertro- 
phy, ET-1 receptor antagonists prevent, at least transiently, left ventricular 
(LV) hypertrophy evoked by suprarenal aortic banding or norepinephrine infu- 
sion. ET- 1 receptor blockade has been reported to attenuate hypertension and 
cardiac hypertrophy in stroke-prone spontaneously hypertensive rats (SHRSP) 
fed a high- salt diet, in uninephrectomized rats receiving deoxycorticosterone 
acetate and a high-salt diet and in rats infused with Ang II [38, 53]. The hyper- 
trophic action of ET-1 might involve the CaMK/HDAC/MEF2 pathway. 
Calcium/calmodulin-dependent protein kinase (CaMK) has been reported to 
activate the cardiac hypertrophic response [17]. For instance, the CaMK 
inhibitor KN-62 blocks hypertrophy evoked by endothelin- 1 in cultured car- 
diomyocytes. CaMK would act by relieving the repression exerted by histone 
deacetylases (HDAC) on the transcription factor MEF2 (myocyte-enhancer 
factor 2). This factor is also activated by calcineurin and, provided that dere- 
pression by CaMK is present, by p38 MAPK. Thus, MEF2, which is required 
for normal postnatal cardiac growth, may serve as a common endpoint for 
diverse hypertrophic signaling pathways. More recently, the role played by 
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CaMK in the regulation of HDAC has been disputed [64] but the analysis of 
Hdac9-/- mice confirms that HDAC serves as a focal point for hypertrophic 
pathways by acting as a stress-signal-responsive repressor of cardiac growth. 

As shown by early investigators, long-term administration of CCBs such as 
nifedipine to spontaneously hypertensive rats (SHR) induced substantial 
regression of established LV hypertrophy and improved LV function [39]. 
Regression of hypertrophy could also be obtained with a variety of other anti- 
hypertensive drugs and was, therefore, entirely attributed to normalization of 
blood pressure and LV systolic load. Thereafter, long-term administration of 
nisoldipine was shown to protect SHR not only against the development of 
hypertension and cardiac hypertrophy but also again fibrosis, and, eventually, 
cardiac failure [8, 28, 57]. Similar cardio- and vasculo-protective effects of 
other CCBs, at hypotensive doses, have been reported in various models. This 
included: amlodipine, [2, 27, 32, 60, 63], diltiazem [61], felodipine [59], 
lacidipine [32] nilvadipine [41]. As demonstrated in most of the recent studies, 
protection against, or regression of cardiac hypertrophy and fibrosis is accom- 
panied by reduction of alterations in myocardial gene expression, such as re- 
expression of the cardiac fetal gene program or increased expression of colla- 
gen genes (Fig. 1). 

Even if the role of blood pressure reduction in protection against end organ 
damage appears indisputable, it has been proposed that additional mecha- 
nisms, unrelated to their haemodynamic actions, could contribute to the tissue 



ANF -► 
Skeletal actin -► 
TGF-pl ^ 
Collagen 1 

GAPDH -► 

1% NaCI 
Amlodipine 
Lacidipine 



• • • - • 


• ••*- 


* • " “ ~ 







- - - 


If#** 


•«*#• 


• •••• 



- + + + + - + + + + 



- - 1-5 5 15 

- 0.3 1 3 



Figure 1 . Effect of amlodipine and lacidipine on LV mRNA levels in SHRSP exposed to salt-load. 1 % 
NaCI refers to salt given (+) or not given (-) in drinking water, during six weeks. Subgroups from salt- 
loaded rats were treated with either amlodipine or lacidipine (mg/k/day indicated on the figure). 
Modified from data from Kyselovic et al. [32]. 
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protective effects of CCBs. This concept was supported initially by studies on 
the effect of nimodipine in stroke-prone SHR (SHRSP), a strain that sponta- 
neously develops brain infarction at 10-12 months. Salt-loading of five- 
month-old SHRSP did not increase the hypertension but drastically accelerat- 
ed the development of reno- and cerebro- vascular lesions and the occurrence 
of death. Simultaneous treatment with nimodipine at doses that did not 
decrease blood pressure prevented the deleterious consequences of salt-load- 
ing on vascular damage and mortality [25]. In younger SHRSP, prolonged 
administration of the long-acting calcium antagonist lacidipine at low doses in 
parallel with increased dietary salt, protected against stroke and mortality 
(Fig. 2), cardiac hypertrophy and vascular alterations (Fig. 3) in the absence of 
marked reduction of blood pressure [11, 31, 32]. Lacidipine treatment pre- 
vented not only the salt-dependent increase in cardiac mass, but also salt- 
dependent increases in various gene products (including: skeletal a-actin, 
P-myosin heavy chain and type I collagen [33]. In Dahl salt- sensitive rats fed 
a high-salt diet, a subdepressor dose of benidipine ameliorated LV hypertrophy 
and fibrosis and remodeling of coronary arterioles [30]. Comparable results 
were obtained with a subdepressor dose of cilnidipine in the DOCA-salt model 
of hypertension [29]. Lercanidipine at nonhypotensive doses induced signifi- 
cant nephroprotective effects in SHR [49]. However, in SHR treated with a 
low, non-hypotensive dose of lacidipine, the progression of LV hypertrophy 
was not prevented, even though structural alterations were found to be reduced 
at the level of mesenteric resistance vessels [46]. This indicates that experi- 
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Figure 2. Survival rate in SHRSPs groups exposed to salt-load with or without lacidipine. Salt-load 
accelerated mortality as a result of salt-induced stroke and renal lesions. Rats exposed to salt-load 
without lacidipine died within 12 weeks of salt-rich diet, whereas all animals survived during the 
same period when exposed to salt-load with lacidipine at 0.3 and 1 mg/kg once a day. Modified from 
Cristofori et al. [1 1]. 
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Effect of lacidipine on renal damage in salt-loaded SHR-SP 
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Figure 3. Effect of lacidipine on renal and brain damages in SHRSP exposed to salt-load, modified 
from Cristofori et al. [11]. 



mental conditions might influence the evaluation of this action unrelated to 
reduction of blood pressure. 

If CCBs are endowed with cardio- and vasculo-protective properties unre- 
lated to their capacity to lower blood pressure, one may anticipate that their 
efficacy to prevent or regress cardiovascular remodeling for a given reduction 
of blood pressure could differ from that of other classes of antihypertensive 
drugs. Indeed, CCBs, as well as ACE inhibitors [26] are more effective than 
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Figure 4. Effect of lacidipine on LV preproET- 1 mRNA levels in SHRSP exposed to salt-load. 1 % 
NaCl refers to salt given (+) or not given (-) in drinking water, during six weeks. Subgroups from salt- 
loaded rats were treated with lacidipine 0.3 mg/k/day, modified from data from Feron et al. [15]. 



expression (Fig. 4), as well as TGF-pl gene over-expression [32]. A protective 
action of lacidipine on left ventricular hypertrophy and preproET-1 over- 
expression has also been observed in another, more acute model of hyperten- 
sion induced by aortic constriction [36]. 

To elucidate whether the regulation of contractile proteins gene expression 
could be modulated by salt-loading in SHRSP and influenced by lacidipine, 
the mRNA levels of cardiac genes associated with hypertrophy and remodel- 
ing (a- and (3-MHC, skeletal and cardiac a-actin, TGF-|3l and collagen type I) 
were estimated by Northern blot analysis on LV samples. Salt-loading 
increased those levels, and this increase was prevented by amlodipine and 
lacidipine (Fig. 1). This indicates that the reprogramming of foetal genes, 
which accompanies cardiac hypertrophy related to ANF, can be prevented by 
CCBs. Another feature of cardiac remodeling in hypertension is the extension 
of myocardial fibrosis. Cardiac fibrosis is a major determinant of diastolic 
stiffness, a negative factor added to altered relaxation of hypertrophied car- 
diomyocytes, which could precipitate cardiac failure. The mRNA level of type 
1 collagen was increased by salt-loading and the treatment with lacidipine and 
amlodipine prevented this salt-dependent change (Fig. 1). Since these two 
dosage regimens do have different influence on blood pressure, 0.3 mg being 
a threshold dose, this observation illustrates further that lacidipine has effects 
on gene transcripts that are independent of the action on blood pressure. 



Vascular remodeling 

Salt-loading of SHRSP induces structural and functional alterations in arteries, 
mostly studied in cerebral arteries. Figure 5 shows that the normal orientation 
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hydralazine, a vasodilator with a different, ill-defined mechanism of action, to 
prevent end-organ damage, at least in some models. Rats fed a high-fructose 
diet develop hypertension, cardiac hypertrophy and cardiac and renal fibrosis; 
although both hydralazine and lacidipine reversed the increase in blood pres- 
sure, only lacidipine was effective in reducing renal and cardiac damage [10]. 
In SHR, at equally hypotensive doses, CCBs (lercanidipine, manidipine and 
nicardipine) were more effective than hydralazine to reduce renal alterations 
and albuminuria [49] . In rats with renovascular hypertension and hypertensive 
heart disease, nifedipine, but not labetalol, was found to induce regression of 
myocardial fibrosis, whereas both drugs were equipotent on blood pressure. 
On the other hand, comparable effects on cardiovascular remodeling have been 
reported for CCBs and ACE inhibitors in various models (amlodipine versus 
benazepril, SHR [2, 7]; amlodipine versus enalapril, SHRSP [27] ; lacidipine 
versus ramipril, experimental diabetes [9]; nifedipine versus zofenopril, reno- 
vascular hypertension [7]). However, occasionally, CCBs were reported to be 
less active than ACE inhibitors or angiotensin receptor blockers. For example, 
in aged SHR (65 wk), enalapril was more effective than felodipine in reducing 
LV and aortic mass indices, LV hydroxyproline concentration (fibrosis) and 
improving coronary haemodynamics [59]. 



Analysis of a typical model: end-organ protection in SHRSP, a rat strain 
sensitive to salt 

Long-term effects: cardiac remodeling 

The long-term effects have been studied in various hypertensive rat models. 
Recently, we have used the SHRSP (stroke-prone spontaneously hypertensive 
rat), a rat strain sensitive to high-salt diet, in which some CCBs, such as 
nimodipine, nifedipine and lacidipine, prevent salt-dependent end-organ dam- 
ages including stroke, cardiovascular hypertrophy and renal failure [31-33]. 

We have examined the action of high-salt diet on blood pressure and heart 
weight of SHRSP treated or not treated with lacidipine, a long-acting CCB. 
Salt-load during seven weeks induces a slight increase in systolic blood pres- 
sure. Lacidipine has been given orally at dosages of 0.3 and 1 mg/kg per day, 
which do not lower blood pressure in WKY, normotensive rats. The regimen 
of 0.3 mg may be considered as a threshold dose on the blood pressure of 
SHRSP exposed to salt load, whereas 1 mg reduces significantly but does not 
correct the elevated blood pressure. Salt-loading induces significant cardiac 
hypertrophy in SHRSP, and this increase is totally prevented by lacidipine. In 
view of the potential role of endothelin-1 (ET-1) and transforming growth fac- 
tor (31 (TGF-(3l) in cardiovascular hypertrophy and fibrosis, we have investi- 
gated the levels of preproET-1 and TGF-(3l gene transcripts in the heart of 
SHRSP. These levels are significantly augmented by salt-loading and con- 
comitant lacidipine treatment prevents salt-related preproET-1 gene over- 
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Figure 5. Orientation of the smooth muscle cells (SMC) identified by their elongated- shape nuclei in 
the three layers of the media of the basilar artery of normotensive Wistar Kyoto rats (WKY) and in 
hypertensive SHRSP exposed to salt, showing the reduction of the numbers of SMC in hypertensive 
and their disorganization sections were perpendicular to the longitudinal axis of the vessel (schema- 
tized on the upper right of the figure); modified from Arribas et al. [3]. 



of smooth muscle cells is modified in arteries from rats exposed to high-salt 
diet. We observed that this disorientation was prevented by lacidipine [3]. 
Structural changes are accompanied by functional changes characterized by 
increased threshold sensitivity to the action of vasoconstrictors despite a large 
reduction of the mechanical force developed by the arteries. This is illustrated 
in Figure 6 for serotonin, the most important regulator of cerebral vessels tone. 
This figure also shows that vessel isolated from rat treated with lacidipine had 
lost this high sensitivity to serotonin and regained contractile force. This high 
sensitivity to vasoconstrictors is reduced in vitro by treating the vessel with 
bosentan, an endothelin antagonist [50]. This indicates that there is an impor- 
tant production of endothelin in this vessel and that this production is reaching 
a functionally active level. As shown by Figure 7, the abundance of the mRNA 
of preproET-1 is increased in the aorta from SHRSP exposed to salt-load, an 
effect prevented by treatment with lacidipine [31]. Figure 7 also shows that 
lacidipine stimulates the activation of the gene of endothelial NO synthase 
(eNOS), the enzyme producing the vasorelaxant agent nitric oxide (NO). 
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Figure 6. Response of basilar artery isolated from Wistar Kyoto (WKY), from SHRSP exposed dur- 
ing six weeks to salt-load without (S-SHRSP) or with lacidipine (SL-SHRSP). Note that the increased 
sensitivity to serotonin (5HT) and the decreased contractile force induced by salt-load were prevent- 
ed by lacidipine, modified from Godfraind and Salomone [21]. 
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Figure 7. Typical autoradiograms of Northern blot analysis of mRNA levels in aortic tissue from 
SHRSP. Nacl refers to salt given (+) or not given (-) in drinking water for six weeks; modified from 
Krenek et al. [31]. 

Simultaneously, the weak vasorelaxation in response to acetylcholine, 
observed in SHRSP exposed to high-salt diet, is greatly augmented in arteries 
isolated from SHRSP exposed to high-salt diet and treated by lacidipine 
(Fig. 8). This could account for improvement of organ perfusion that is 
reduced in hypertension. 
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Figure 8. Concentration-relaxation curves to acetylcholine of aortic rings isolated from SHRSP and 
precontracted by norepinephrine. Rats were exposed to salt in the drinking water for six weeks, being 
treated (Lac) or not with lacidipine, modified from Krenek et al. [31]. 
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Renal protection 

Kidney failure is occurring in various pathologies including hypertension and 
diabetes. The kidney is a main target of hypertension. In both human essential 
hypertension and spontaneously hypertensive rats (SHR), the kidneys undergo 
vascular changes and develop areas of ischaemic cortical atrophy that are 
accompanied by renal fibrosis with glomerular lesions and tubular changes 
associated with functional impairment evidenced by hypoperfusion, elevation 
of glomerular pressure with increased glomerular filtration rate, proteinuria, 
and other signs of glomerular injury. The action of CCBs has been much dis- 
puted because some of them vasodilate afferent, but not efferent arterioles. 
This causes glomerular hypertension associated with progression of the dis- 
ease, instead of affording renal protection. Recent evidence has shown that 
novel compounds endowed of long-acting action such as lercanidipine, mani- 
dipine and efonidipine, vasodilate both afferent and efferent arterioles and 
have a renal protective effect also reported with lacidipine. Experimental stud- 
ies have enrolled various animal models susceptible of suffering from kidney 
failure, including hypertensive and diabetic rats. [11, 16, 43, 48, 62]. 

Diabetic nephropathy is characterized by persistent proteinuria, hyperten- 
sion, and declining renal function, defined as a reduction in glomerular filtra- 
tion rate (GFR). Approximately 30% of patients with insulin-dependent dia- 
betes develop kidney disease and this is associated with excess mortality. 
Metabolic control is essential in preventing diabetic nephropathy and 
improved glycaemic control has led to a decrease in the incidence of diabetic 
kidney disease in the Western world. Furthermore, antihypertensive treatment 
with angiotensin-converting enzyme (ACE) inhibitors has proven effective in 
preventing or postponing the development of overt nephropathy and end- stage 
renal failure in patients with diabetes. CCBs may also be effective in the treat- 
ment of diabetic kidney disease, but controversy exists whether nondihy- 
dropyrine (nDHP) CCBs and dihydropyridine (DHP) CCBs are equally effec- 
tive [1, 4, 5, 34, 44, 45, 54, 55]. 

Several animal models have been utilized in order to test the potential pro- 
tection afforded by CCBs. Diabetes has been induced by streptozotocyn (STZ) 
and the animals have been studied after a period of three or six months [42]. 
CBBs are usually given after three or six months for a short period. Reduction 
of pathological parameters has been observed with some CCBs after three but 
not six months. For instance, according to Nielsen et al., after three months of 
untreated diabetes, nitrendipine treatment for six weeks significantly reduced 
urinary albumin excretion (UAE; P < 0.05) and glomerular hypertrophy. 
Nitrendipine also prevented an increase in systemic blood pressure compared 
with untreated diabetes. However, there was no detectable effect when 
nitrendipine was given after six months of untreated diabetes. 

In SHR, long-term treatment with different 1,4-DHPs at doses that 
decreased blood pressure to a similar extent showed that the long-acting CCBs 
lercanidipine and manidipine were more effective than nicardipine in counter- 
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ing glomerular injury and the luminal narrowing of efferent arterioles, where- 
as the three drugs similarly vasodilated the afferent arteriole [48]. This sug- 
gests a causal link between vasodilation of the efferent arteriole and nephro- 
protection, more especially as these properties are also shared by ACE 
inhibitors. 

Earliest studies failed to demonstrate the beneficial action of calcium antag- 
onists on renal impairment. The hypothesis was that short-acting calcium 
antagonists exhibiting a preferential action on the afferent arteriole might pro- 
duce pressure load on the glomerulus and thereby deteriorate the outcome of 
chronic renal disease. Studies with long-acting CCBs have shown that some of 
them could protect kidneys from end-damages observed in hypertension. 
Saruta et al. [51]have studied the nature of the renal protective effects of cal- 
cium channel blockers (Ca blockers) compared to those of the angiotensin- 
converting enzyme inhibitor (ACEI), enalapril, on the progression of renal 
injury in 5/6 nephrectomized spontaneously hypertensive rats (SHR) fed a 
high- salt diet. They studied the effects of various Ca blockers on the glomeru- 
lar afferent and efferent arterioles using the isolated perfused hydronephrotic 
kidneys of six- week-old male Sprague-Dawley rats. In the first study, 40 six- 
week-old male SHRs which underwent 5/6 nephrectomy were equally divided 
into five groups. One group received no therapy. In two groups, therapy was 
started at four weeks post-nephrectomy, one with amlodipine and the other 
with enalapril. In the remaining two groups, amlodipine or enalapril therapy 
was started at eight weeks postnephrectomy. Amlodipine was more effective 
than enalapril in reducing proteinuria and glomerulosclerosis in the group that 
was started on drug therapy eight weeks after surgery. Their results indicated 
that amlodipine was effective at reducing renal injury in 5/6 nephrectomized 
SHR, and that it was more effective than ACEI in advanced stages of renal 
injury. They also reported that at concentrations varying from 1CT 6 down to 
1CT 9 M, nifedipine, nicardipine and amlodipine dilated the afferent, but not the 
efferent arteriole preconstricted with angiotensin II. On the other hand, efoni- 
dipine and manidipine clearly dilated angiotensin II-induced constriction of 
both the afferent and efferent arterioles. According to these authors, the renal 
protective effect of Ca blockers is not necessarily dependent on the dilation of 
the efferent arterioles [51]. Further studies with CCBs including efonidipine, 
lercadipine, manidipine, nilvadipine, mibefradil have shown that they exhibit 
dilatory action of both afferent and efferent arterioles exposed in vitro to 
angiotensin II. They share a renal microvascular action with angiotensin con- 
verting enzyme (ACE) inhibitors. This class of antihypertensive agent pos- 
sesses unique actions associated with angiotensin II (Ang II) blockade. 
Angiotensin II increases mesangial matrix formation directly by stimulating its 
production and indirectly by increasing glomerular capillary pressure through 
vasoconstriction of the efferent arteriole. The latter action is blunted by ACE 
inhibitors that cause efferent as well as afferent arteriolar dilation, and the sub- 
sequent amelioration of glomerular hypertension. Efonidipine reduced renal 
injury in sub totally nephrectomized spontaneously hypertensive rats to the 
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same level as that of enalapril, whereas nifedipine (which dilates the afferent 
arteriole to a much larger extent than the efferent arteriole) failed to halt the 
progression of renal injury. This observation supports the hypothesis that 
agents with efferent as well as afferent arteriolar dilator action exert a preven- 
tive action on renal injury [23]. 

That all CCBs do not exhibit the same pattern of vasoselectivity is in line 
with our previous observations that nisoldipine was much more potent to block 
serotonin-induced contraction of human coronary artery than of human inter- 
nal mammary artery (Fig. 8, page 125), whereas diltiazem and verapamil dis- 
played a similar potency in both arteries [19]. It therefore appears that the vas- 
cular action of CCBs could play a major role in renal protection, but mecha- 
nisms unrelated to L-type Ca currents blockade need to be considered. T-type 
Ca current blockade appeared to be more beneficial than simple L-type Ca cur- 
rent blockade in DOCA-salt rats. This model has been exposed to mibefradil 
and amlodipine at dosages equiactive on blood pressure during four to five 
weeks, increased protein excretion and damaged glomeruli were significantly 
more reduced with mibefradil than with amlodipine [6]. It could be that the 
difference between these two CCBs was related to a lower selectivity of 
amlodipine for T-type currents when compared to mibefradil [13]. However, 
cilnidipine a N- and L-type Ca channels blocker is also endowed of protective 
effect on kidney. Zhou and his colleagues have studied the actions of the new 
dihydropyridine N- and L-type calcium antagonist, cilnidipine, on systemic 
and renal haemodynamics, glomerular dynamics, renal function, and 
histopathology in an N-omega-nitro-1- arginine methylester spontaneously 
hypertensive rat (L-NAME/SHR) model of nephrosclerosis. They have 
observed that in SHR exposed for three weeks to L-NAME with or without cil- 
nidipine, the CCB significantly reduced mean arterial pressure, total peripher- 
al resistance and renal vascular resistance, while increasing effective renal 
blood flow and glomerular filtration rate (P <0.01) in L-NAME/SHR. These 
haemodynamic changes were associated with significantly increased single 
nephron glomerular filtration rate (SNGFR) and plasma flow (SNPF) and 
decreased afferent glomerular arteriolar resistances when cilnidipine was used 
alone, and with increased SNGFR and SNPF, but decreased glomerular capil- 
lary pressure, afferent and efferent arteriolar resistances, urinary protein excre- 
tion, serum creatinine and uric acid concentrations (at least P < 0.05) in L- 
NAME-exacerbated SHR nephrosclerosis. In addition, glomerular and arterio- 
lar injuries were markedly reversed (both P < 0.01), and glomerular apoptosis 
and cellular proliferation were inhibited and associated with glomerular tuft 
enlargement and an increase in cell number. Cilnidipine not only prevented but 
reversed the severe renal haemodynamic and glomerular dynamic changes, 
including apoptosis and glomerular cellular proliferation, in L-NAME/SHR- 
exacerbated nephrosclerosis. This dual L-N channel calcium antagonist thus 
exerted renoprotective effects [65]. 

In other models of salt-dependent hypertension, CCBs also appear to be 
highly renoprotective. For instance, in Dahl-S rats and in SHRSP lacidipine 
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reduced kidneys lesions such as tissue necrosis and hypertrophy of arteries 
observed in animal exposed to salt load. This morphological protection was 
associated with a prevention of increased urinary protein excretion [12]. 

It has been proposed that TGF-pl is a major activator of tissue fibrosis and 
has complex interactions with the renin-angiotensin system (RAS). Activation 
of the RAS, which has been reported to occur in salt-loaded SHRSP at the 
onset of renal and cerebrovascular lesions may amplify the enhanced cardiac 
production of both TGF-(3l and endothelin- 1 , a factor endowed of profibro- 
genic action. TGF-(5l appears therefore to be an appropriate indicator of the 
importance of kidney fibrosis [40]. Therefore, we investigated the relation 
between the reduction of blood pressure evoked by two long-acting CCBs and 
their protective effect against renal damage in salt-loaded SHRSR The salt- 
induced renal damage in SHRSP, as measured by urinary protein excretion or 
lesions of malignant nephrosclerosis, is disproportionate to the corresponding 
increase in absolute blood pressure. This nephropathy has been shown to be 
partly prevented by CCBs, e.g., nimodipine, lacidipine and amlodipine at 
dosages that do not evoke a marked reduction of blood pressure (Fig. 3) [11]. 
The nephroprotective effect of lacidipine that has been demonstrated by both 
morphological and functional (urinary protein excretion) methods is consis- 
tent with our observation that the increase in kidney levels of TGF-pl mRNA 
in salt-loaded SHRSP was prevented by CCBs [32]. Indeed, TGF-pl is con- 
sidered as playing a key role in the glomerulosclerosis associated with hyper- 
tensive renal disease. A paradoxical PRA increase is observed in salt-loaded 
SHRSP, it is accompanied by elevated renal levels of renin mRNA, confirm- 
ing that the physiological down-regulation by salt of renin production by the 
kidney is lost in those hypertensive rats [32]. Activation of renin production is 
probably secondary to renal damage that is accelerated by the high dietary salt 
intake in this strain. Therefore, prevention by low-dose CCBs of the paradox- 
ical PRA increase in salt-loaded SHRSP is likely to be related to a nephro- 
protective action that is partly independent of the effect on blood pressure. The 
elevation of TGF-(3l transcripts in the kidney of salt-loaded SHRSP was sim- 
ilarly reduced by amlodipine and lacidipine. Amlodipine or lacidipine were 
used at three dosage regimens producing similar effects on blood pressure. 
The lowest dosages of both drugs had nonsignificant effects on blood pressure 
but inhibited the paradoxical increases in plasma renin activity (PRA and 
mRNA in kidney that were found in salt-loaded SHRSP As show in Figure 9, 
the lowest dosage of lacidipine, which reduced left ventricular hypertrophy 
and mRNA levels of atrial natriuretic factor and transforming growth factor- 
pi (see Fig. 1), restored the physiological down-regulation of renin produc- 
tion by high salt. This again indicates that reduction of blood pressure is not 
the sole mechanism involved in the prevention of cardiac remodeling by cal- 
cium channel blockers and that protection against kidney damage and exces- 
sive renin production should contribute to their beneficial cardiovascular 
effects. 
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Figure 9. Upper panel. Plasma renin activity in SHRSP: controls (W), exposed to salt (S) with CCBs 
mg-kg 1 - day -1 : amlodipine, A or lacidipine L. Lower panel. Northern analysis of mRNA levels in kid- 
ney tissue. NaCI refers to salt given (+) or not given (-) in drinking water. Data from Kyselovic et al. 
[32], modified. 



References 



1 Agodoa LY, Appel L, Bakris GL, Beck G, Bourgoignie J, Briggs JP, Charleston J, Cheek D, 
Cleveland W, Douglas JG et al. Effect of ramipril vs amlodipine on renal outcomes in hyperten- 
sive nephrosclerosis: a randomized controlled trial. Jama 285: 2719-2728, 2001 

2 Arita M, Horinaka S and Frohlich ED. Biochemical components and myocardial performance 
after reversal of left ventricular hypertrophy in spontaneously hypertensive rats. J Hypertens 11: 
951-959,1993 




Long-term effects of calcium antagonists 



177 



3 Arribas SM, Costa R, Salomone S, Morel N, Godfraind T and McGrath JC. Functional reduction 
and associated cellular rearrangement in SHRSP rat basilar arteries are affected by salt load and 
calcium antagonist treatment. J Cereb Blood Flow MeTab. 19: 517-527, 1999 

4 Bakris GL, Mangrum A, Copley JB, Vicknair N and Sadler R. Effect of calcium channel or beta- 
blockade on the progression of diabetic nephropathy in African Americans. Hypertension 29: 
744-750, 1997 

5 Bakris GL, Weir MR, DeQuattro V and McMahon FG. Effects of an ACE inhibitor/calcium antag- 
onist combination on proteinuria in diabetic nephropathy. Kidney Int 54: 1283-1289, 1998 

6 Baylis C, Qiu C and Engels K. Comparison of L-type and mixed L- and T-type calcium channel 
blockers on kidney injury caused by deoxycorticosterone-salt hypertension in rats. Am J Kidney 
Dis 38: 1292-1297, 2001 

7 Brilla CG. Regression of myocardial fibrosis in hypertensive heart disease: diverse effects of var- 
ious antihypertensive drugs. Cardiovasc Res 46: 324-331, 2000 

8 Campbell SE, Turek Z, Rakusan K and Kazda S. Cardiac structural remodelling after treatment of 
spontaneously hypertensive rats with nifedipine or nisoldipine. Cardiovasc Res 27: 1350-1358, 
1993 

9 Cao Z, Hulthen UL, Allen TJ and Cooper ME. Angiotensin converting enzyme inhibition and cal- 
cium antagonism attenuate streptozotocin-diabetes-associated mesenteric vascular hypertrophy 
independently of their hypotensive action. J Hypertens 16: 793-799, 1998 

10 Cosenzi A, Bernobich E, Plazzotta N, Seculin P, Odoni G and Bellini G. Lacidipine reduces high 
blood pressure and the target organ damage induced by high fructose diet in rats. J Hypertens 17: 
965-971, 1999 

1 1 Cristofori P, Micheli D, Terron A and Gaviraghi G. Lacidipine: experimental evidence of vascu- 
loprotective properties. J Cardiovasc Pharmacol 23 Suppl 5: S90-93, 1994 

12 Cristofori P, Sbarbati A, Accordini C, Terron A and Micheli D. Protective action of lacidipine in 
cardiac hypertrophy of the spontaneously hypertensive stroke-prone rat: an ultrastructural study. J 
Submicrosc Cytol Pathol 26: 331-340, 1994 

13 De Paoli P, Cerbai E, Koidl B, Kirchengast M, Sartiani L and Mugelli A. Selectivity of different 
calcium antagonists on T- and L-type calcium currents in guinea-pig ventricular myocytes. 
Pharmacol Res 46: 491-497, 2002 

14 Dohi Y, Hahn AW, Boulanger CM, Buhler FR and Luscher TF. Endothelin stimulated by 
angiotensin II augments contractility of spontaneously hypertensive rat resistance arteries. 
Hypertension 19: 131-137, 1992 

15 Feron O, Salomone S and Godfraind T. Inhibition by lacidipine of salt-dependent cardiac hyper- 
trophy and endothelin gene expression in stroke-prone spontaneously hypertensive rats. Biochem 
Biophys Res Commun 210: 219-224, 1995 

16 Fleming JT, Parekh N and Steinhausen M. Calcium antagonists preferentially dilate preglomeru- 
lar vessels of hydronephrotic kidney. Am J Physiol 253: FI 157-1 163, 1987 

17 Frey N, McKinsey TA and Olson EN. Decoding calcium signals involved in cardiac growth and 
function. Nat Med 6: 1221-1227, 2000 

18 Frohlich ED. Local hemodynamic changes in hypertension: insights for therapeutic preservation 
of target organs. Hypertension 38: 1388-1394, 2001 

19 Godfraind T, Dessy C and Salomone S. A comparison of the potency of selective L-calcium chan- 
nel blockers in human coronary and internal mammary arteries exposed to serotonin. J Pharmacol 
Exp Ther 263: 112-122, 1992 

20 Godfraind T, Mennig D, Morel N and Wibo M. Effect of endothelin- 1 on calcium channel gating 
by agonists in vascular smooth muscle. J Cardiovasc Pharmacol 13 Suppl 5: SI 12-1 17; discus- 
sion SI 23, 1989 

21 Godfraind T and Salomone S. New advances in hypertensive treatment with calcium antagonists. 
J Cardiovasc Pharmacol 30 (Suppl. 2): S1-S5, 1997 

22 Grainger DJ, Witchell CM, Weissberg PL and Metcalfe JC. Mitogens for adult rat aortic vascular 
smooth muscle cells in serum-free primary culture. Cardiovasc Res 28: 1238-1242, 1994 

23 Hayashi K, Kumagai H and Saruta T. Effect of efonidipine and ACE inhibitors on proteinuria in 
human hypertension with renal impairment. Am J Hypertens 16: 1 16-122, 2003 

24 Hirata Y, Takagi Y, Fukuda Y and Marumo F. Endothelin is a potent mitogen for rat vascular 
smooth muscle cells. Atherosclerosis 78: 225-228, 1989 

25 Kazda S, Grunt M, Hirth C, Preis W and Stasch JP. Calcium antagonism and protection of tissues 
from calcium damage. J Hypertens Suppl 5: S37-42, 1987 




178 



T. Godfraind 



26 Kim S, Ohta K, Hamaguchi A, Omura T, Yukimura T, Miura K, Inada Y, Ishimura Y, Chatani F 
and Iwao H. Angiotensin II type I receptor antagonist inhibits the gene expression of transform- 
ing growth factor-beta 1 and extracellular matrix in cardiac and vascular tissues of hypertensive 
rats. J Pharmacol Exp Ther 273: 509-515, 1995 

27 Kim S, Ohta K, Hamaguchi A, Yukimura T, Miura K and Iwao H. Effects of an ATI receptor 
antagonist, an ACE inhibitor and a calcium channel antagonist on cardiac gene expressions in 
hypertensive rats. Br J Pharmacol 118: 549-556, 1996 

28 Knorr A, Kazda S, Neuser D, Stasch JP and Seuter F. Long-term protective effects of nitrendipine 
in experimental hypertension. J Cardiovasc Pharmacol 18 Suppl 5: SI -4, 1991 

29 Kobayashi N, Mori Y, Mita S, Nakano S, Kobayashi T, Tsubokou Y and Matsuoka H. Effects of 
cilnidipine on nitric oxide and endothelin-1 expression and extracellular signal-regulated kinase in 
hypertensive rats. Eur J Pharmacol 422: 149-157, 2001 

30 Kobayashi N, Nakano S, Mori Y, Kobayashi T, Tsubokou Y and Matsuoka H. Benidipine inhibits 
expression of ET-1 and TGF-betal in Dahl salt-sensitive hypertensive rats. Hypertens Res 24: 
241-250,2001 

31 Krenek P, Salomone S, Kyselovic J, Wibo M, Morel N and Godfraind T. Lacidipine prevents 
endothelial dysfunction in salt-loaded stroke-prone hypertensive rats. Hypertension 37: 
1124-1128,2001 

32 Kyselovic J, Krenek P, Wibo M and Godfraind T. Effects of amlodipine and lacidipine on cardiac 
remodelling and renin production in salt-loaded stroke-prone hypertensive rats. Br J Pharmacol 
134: 1516-1522,2001 

33 Kyselovic J, Morel N, Wibo M and Godfraind T. Prevention of salt-dependent cardiac remodeling 
and enhanced gene expression in stroke-prone hypertensive rats by the long-acting calcium chan- 
nel blocker lacidipine. / Hypertens 16: 1515-1522, 1998 

34 Lewis EJ, Hunsicker LG, Bain RP and Rohde RD. The effect of angiotensin-converting-enzyme 
inhibition on diabetic nephropathy. The Collaborative Study Group. N Engl J Med 329: 
1456-1462, 1993 

35 Masaki T. The discovery of endothelins. Cardiovasc Res 39: 530-533, 1998 

36 Massart PE, Donckier J, Kyselovic J, Godfraind T, Heyndrickx GR and Wibo M. Carvedilol and 
lacidipine prevent cardiac hypertrophy and endothelin-1 gene overexpression after aortic banding. 
Hypertension 34: 1197-1201, 1999 

37 Michalewicz L and Messerli FH. Cardiac effects of calcium antagonists in systemic hypertension. 
Am J Cardiol 79: 39-46; discussion 47-38, 1997 

38 Moreau P. Endothelin in hypertension: a role for receptor antagonists? Cardiovasc Res 39: 
534-542, 1998 

39 Motz W and Strauer BE. Nifedipine in the long-term management of hypertensive heart disease. 
Hypertension 5: 1139-44, 1983 

40 Nakamura T, Obata J, Kuroyanagi R Kimura H, Ikeda Y, Takano H, Naito A, Sato T and Yoshida 
Y. Involvement of angiotensin II in glomerusclerosis of stroke-prone spontaneously hypertensive 
rats. Kidney Int Suppl 55: S 109— 112, 1996 

41 Naruse M, Tanabe A, Seki T, Adachi C, Yoshimoto T, Mishina N, Imaki T, Naruse K, Demura R 
and Demura H. Effects of two calcium channel blockers on messenger RNA expression of 
endothelin-1 and nitric oxide synthase in cardiovascular tissue of hypertensive rats. J Hypertens 
17: 53-60, 1999 

42 Nielsen B, Gronbaek H, Osterby R and Flyvbjerg A. Effect of the calcium channel blocker 
nitrendipine in normotensive and spontaneously hypertensive, diabetic rats on kidney morpholo- 
gy and urinary albumin excretion. J Hypertens 17: 973-981, 1999 

43 Ozawa Y, Hayashi K, Nagahama T, Fujiwara K, Wakino S and Saruta T. Renal afferent and effer- 
ent arteriolar dilation by nilvadipine: studies in the isolated perfused hydronephrotic kidney. J 
Cardiovasc Pharmacol 33: 243-247, 1999 

44 Parving HH and Hommel E. Prognosis in diabetic nephropathy. Bmj 299: 230-233, 1989 

45 Parving HH, Jacobsen P, Rossing K, Smidt UM, Hommel E and Rossing P. Benefits of long-term 
antihypertensive treatment on prognosis in diabetic nephropathy. Kidney Int 49: 1778-1782, 1996 

46 Ported E, Rizzoni D, Castellano M, Bettoni G, Muiesan ML, Salvetti M, Quartaroli M, Gaviraghi 
G and Rosei EA. Structural changes of small resistance arteries in spontaneously hypertensive rats 
after treatment with various doses of lacidipine. J Hypertens 15: 619-625, 1997 

47 Russell FD and Davenport AP. Secretory pathways in endothelin synthesis. Br J Pharmacol 126: 
391-398, 1999 




Long-term effects of calcium antagonists 



179 



48 Sabbatini M, Leonardi A, Testa R, Vitaioli L and Amenta F. Effect of calcium antagonists on 
glomerular arterioles in spontaneously hypertensive rats. Hypertension 35: 775-779, 2000 

49 Sabbatini M, Vitaioli L, Baldoni E and Amenta F. Nephroprotective effect of treatment with cal- 
cium channel blockers in spontaneously hypertensive rats. J Pharmacol Exp Ther 294: 948-954, 
2000 

50 Salomone S, Dessy C, Morel N and Godfraind T. Inhibition by bosentan, an endothelin antago- 
nist, of the hypersensitivity to Ca 2+ channel activator evoked by salt-loading in basilar artery of 
stroke-prone spontaneously hypertensive rats. Life Sci 59: PL247-253, 1996 

51 Saruta T, Kanno Y, Hayashi K and Konishi K. Antihypertensive agents and renal protection: cal- 
cium channel blockers. Kidney Int Suppl 55: S52-56, 1996 

52 Schiffrin EL. Role of endothelin- 1 in hypertension and vascular disease. Am J Hypertens 14: 83S- 
89S, 2001 

53 Schiffrin EL. State-of-the-Art lecture. Role of endothelin- 1 in hypertension. Hypertension 34: 
876-881,1999 

54 Slataper R, Vicknair N, Sadler R and Bakris GL. Comparative effects of different antihypertensive 
treatments on progression of diabetic renal disease. Arch Intern Med 153: 973-980, 1993 

55 Smith AC, Toto R and Bakris GL. Differential effects of calcium channel blockers on size selec- 
tivity of proteinuria in diabetic glomerulopathy. Kidney Int 54: 889-896, 1998 

56 Staessen JA, Wang JG and Thijs L. Cardiovascular protection and blood pressure reduction: a 
meta- analysis. Lancet 358: 1305-1315, 2001 

57 Stasch JP, Kazda S, Hirth C and Morich F. Role of nisoldipine on blood pressure, cardiac hyper- 
trophy, and atrial natriuretic peptides in spontaneously hypertensive rats. Hypertension 10: 
303-307, 1987 

58 Stone PH, Muller JE, Turi ZG, Geltman E, Jaffe AS and Braunwald E. Efficacy of nifedipine ther- 
apy in patients with refractory angina pectoris: significance of the presence of coronary 
vasospasm. Arq Bras Cardiol 41: 469-476, 1983 

59 Susie D, Varagic J and Frohlich ED. Pharmacologic agents on cardiovascular mass, coronary 
dynamics and collagen in aged spontaneously hypertensive rats. J Hypertens 17: 1209-1215, 
1999 

60 Suzuki M, Yamanaka K, Nabata H and Tachibana M. Long-term effects of amlodipine on organ 
damage, stroke and life span in stroke prone spontaneously hypertensive rats. Eur J Pharmacol 
228:269-274,1993 

61 Takahashi T, Tanikawa S and Takahashi K. Protective effects of CD-832 on organ damage in 
stroke-prone spontaneously hypertensive rats. Eur J Pharmacol 331: 193-198, 1997 

62 Tojo A, Kimura K, Matsuoka H and Sugimoto T. Effects of manidipine hydrochloride on the renal 
microcirculation in spontaneously hypertensive rats. J Cardiovasc Pharmacol 20: 895-899, 1992 

63 Yamazaki T, Komuro I, Zou Y, Kudoh S, Shiojima I, Mizuno T, Hiroi Y, Nagai R and Yazaki Y. 
Efficient inhibition of the development of cardiac remodeling by a long-acting calcium antagonist 
amlodipine. Hypertension 31: 32-38, 1998 

64 Zhang CL, McKinsey TA, Chang S, Antos CL, Hill JA and Olson EN. Class II histone deacety- 
lases act as signal-responsive repressors of cardiac hypertrophy. Cell 110: 479-488, 2002 

65 Zhou X, Ono H, Ono Y and Frohlich ED. N- and L-type calcium channel antagonist improves 
glomerular dynamics, reverses severe nephrosclerosis, and inhibits apoptosis and proliferation in 
an 1-NAME/SHR model. / Hypertens 20: 993-1000, 2002 




Calcium Channel Blockers 
T. Godfraind 

© 2004 Birkhauser Verlag/Switzerland 



181 



Blood pressure-independent effects of calcium 
antagonists 



The hypothesis that the reduction of elevated blood pressure is not the only 
mechanism of tissue protection has not reached full acceptance because of 
poor evidence from clinical studies. In a recent paper, Ruilope and Schiffrin 
[41] debated the question of whether blood pressure lowering alone is respon- 
sible for the benefits accrued from antihypertensive therapy as demonstrated in 
many multicenter randomized clinical trials with different antihypertensive 
agents or whether there is evidence that some agents have special properties 
that result in benefits that go beyond those resulting from lowering blood pres- 
sure. The authors pointed out that over the past 30 years, it has been demon- 
strated that lowering blood pressure in severe forms of hypertension, and more 
recently in systolic and even mild hypertension, will result in reduced inci- 
dence of stroke and slower progression of heart and renal failure. These effects 
have been easier to demonstrate in sicker patients, because enough end points 
may be counted in the three to five years that these clinical trials last. However, 
better prevention by a specific drug, of risk attributable to high blood pressure 
has not been identified in the much larger group of hypertensive individuals, 
who have less severe forms of hypertension. With agents such as renin- 
angiotensin system inhibitors or calcium channel blockers, it has been demon- 
strated that hypertensive vascular remodeling and endothelial dysfunction may 
be corrected. However, only specifically designed clinical trials could indicate 
that benefits beyond blood pressure lowering may be achieved with the use of 
specific drugs to lower blood pressure. Although some evidence suggests that 
this may be the case, the question remains for the time being largely unan- 
swered. 



Evidence from analytical pharmacology 

Analytical pharmacology may provide valuable information for the existence 
of an action of CCBs beyond blood pressure lowering. However, one should 
carefully consider the characteristics of the model used, as shown from exper- 
iments with cilnidipine. Although it was reported in SHR that cilnidipine 
reduced LV hypertrophy in the DOCA-salt model of hypertension [22], it has 
been observed in rat exposed to L-NAME, in order to block NO production, 
that reduction of the resulting increase in blood pressure by cilnidipine did not 
prevent cardiac hypertrophy observed in this model [55]. 
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To gain further insight into the mechanism(s) of the cardioprotective action 
of CCBs, we compared the dose-dependence of their effect on SBP and on car- 
diac remodeling in salt-loaded SHRSP. As already mentioned above, salt-load 
induces in this strain an important hypertrophy of heart and vessels. When rats 
exposed to salt are treated with CCBs, this salt-dependent hypertrophy was 
prevented. Figure 1 provides a comparison between two long-acting CCBs. It 
shows the dose-dependence of their effect on SBP and on cardiac remodeling 
in salt-loaded SHRSP. For a similar effect on SBP, the reduction of the relative 
LV mass was significantly more important with lacidipine than with amlodip- 
ine. At each of the three doses utilized, lacidipine and amlodipine reduced SBP 
in a comparable manner, but this reduction was not statistically significant 
with the lowest dose (L0.3 and A1.5). With the exception of amlodipine 
1.5 mg* kg -1 (A1.5), each drug treatment evoked a significant reduction of LV 
mass ( P < 0.001) and the values attained were not significantly different from 
the LV mass in untreated SHRSP (2.91 ± 0.02 mg*g _1 body weight, not shown 
in Figure 1. However, for a similar level of SBP, the LV mass was lower in the 
group treated with lacidipine than in the group treated with amlodipine 
(P < 0.05). Increasing the dosage from 1 to 3 mg kg -1 for lacidipine, or from 
5 to 15 mg kg -1 for amlodipine, did not decrease LV mass further despite a 
consistent reduction in SBP This comparison, illustrating the relation between 




Systolic blood pressure (mm Hg) 



Figure 1 . Relation between relative left ventricular mass and systolic blood pressure in salt-loaded 
SHRSR A: salt-loaded SHRSP, with either •: amlodipine 1.5, 5 and 15 mg kg -1 or O: lacidipine 0.3, 
1 and 3 mg kg -1 . Modified from [24]. 
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SBP and the LV relative mass in rats exposed to salt with or without CCB treat- 
ment, indicates that the beneficial effect of CCBs on cardiac remodeling could 
not simply be related to the reduction of SBP [24]. 

When considering renal protection in SHR, long-term treatment with dif- 
ferent 1,4-DHPs, at doses that decreased blood pressure to a similar extent, 
showed that the long-acting CCBs lercani dipine and manidipine were more 
effective than nicardipine in countering glomerular injury and the luminal nar- 
rowing of efferent arterioles, whereas the three drugs similarly vasodilated the 
afferent arteriole [43, 44]. This suggests a causal link between vasodilation of 
the efferent arteriole and nephroprotection. This nephroprotective action, 
which likely resulted from blockade of L-type Ca channels, is not directly 
related to the decrease of blood pressure, but is rather in line with our obser- 
vations on tissue selectivity [13]. 

Other experimental data supporting the hypothesis for a role of blood pres- 
sure-independent effects are coming from studies on the action of CCBs on 
Ca 2+ function in isolated myocytes exposed to hypertrophic stimuli, on their 
interaction with the renin-angiotensin system and the L-arginine-NO pathway, 
on their inhibitory effect on the translocation of PKC and on their antioxidant 
properties. 



CCBs target cardiac myocytes exposed to hypertrophic stimuli 

Cultured cardiac cells are an in vitro model allowing to unravel mechanisms 
involved in the antihypertrophic effects of CCBs that are independent on blood 
pressure lowering, in those cells that contain L-type Ca channels. Neonatal 
cardiomyocytes are easier to keep in culture than cardiomyocytes from adult 
animals, which undergo marked phenotypic changes even after three days in 
culture. Most of the results have been obtained on primary cultures of neona- 
tal rat cardiomyocytes. These cells do not exhibit the typical rod-shape appear- 
ance of adult cells, their myofibrillar organization is poorly developed and 
they beat spontaneously. Moreover, a large body of evidence indicates that the 
functional organization of in situ cardiomyocytes changes markedly in the 
postnatal period, especially in the rat. These changes are striking at the level 
of excitation-contraction coupling, the sarcoplasmic reticulum assuming pro- 
gressively a larger role in the Ca fluxes involved in contraction and relaxation 
[28]. As was mentioned above (pages 123, 124), the subcellular distribution of 
Ca channels differs in neonatal and adult myocytes. The sensitivity of con- 
tracting adult heart to CCBs is lesser than that of neonatal hearts. Therefore, 
when assessing the Ca-dependent pathways potentially implicated in gene 
transcription, a critical evaluation of the data obtained on neonatal cells 
should be made before the conclusions drawn from such studies may be 
extended to adult cardiomyocytes, and, a fortiori, to the in vivo situation. For 
example, considering two vasoactive peptides that induce hypertrophy in cul- 
tured neonatal cardiomyocytes, Ang II, but not ET-1, failed to elicit Ca 2 * 
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responses in freshly isolated adult cardiomyocytes, presumably because the 
membrane density of AT receptors was much less in adult than in neonatal 
cells [53]. 

The most straightforward mechanism of action of CCBs is reduction of 
L-type calcium entry currents through voltage-operated channels. Subsequent 
lowering of Ca 2 * would be expected to down-regulate important signaling 
pathways involved in the development of cardiac hypertrophy. Increased cyto- 
plasmic Ca activates calmodulin. The delta isoform of Ca 2 */calmodulin- 
dependent protein kinase II (CaMKII) predominates in the heart. In transgenic 
(TG) mice that express the nuclear delta (B) isoform of CaMKII, the expressed 
CaMKIIdelta (B) transgene is restricted to the myocardium and is highly con- 
centrated in the nucleus, indicating the possible translocation of CaCam from 
the membrane to the nucleus. Cardiac hypertrophy was evidenced by an 
increased left ventricle to body weight ratio and up-regulation of embryonic 
and contractile protein genes, including atrial natriuretic factor, beta-myosin 
heavy chain, and alpha- skeletal actin [64]. Mechanical stretch, which undoubt- 
edly plays a key triggering role in the development of cardiac hypertrophy, 
increases Ca 2 * in neonatal cardiomyocytes, and this increase was partly antag- 
onized by the Ca channel blocker diltiazem at a rather high concentration: 
100 pM [42]. This in vitro observation suggests that reducing stretch-activated 
L-type calcium entry currents through voltage-operated channels might atten- 
uate the hypertrophic response to stretch, at least to the extent that this 
response is dependent on an increase in Ca 2 *. In this respect, activation of 
MAP kinase pathway(s), which is involved in the hypertrophic response to 
mechanical loading, is partially dependent on trans-sarcolemmal influx of 
Ca 2 *, half of which is attributable to a nifedipine (10 nM)-sensitive channel 
[58, 60]. Stretch-induced Ca 2 * increase might also depend on activation of the 
Na*/H* antiporter, resulting in elevation of Na* and stimulation of Na*/Ca 2 * 
exchange. 

In addition to mechanical stretch, vasoactive substances that are operating 
in vivo (Ang II, a-adrenoceptor agonists, ET-1) and are acting through G-pro- 
tein coupled receptors cause hypertrophic responses in cultured cardiac 
myocytes. They activate tyrosine kinase, MAP kinase and 90-kD S6 kinase 
and enhance the expression of immediate-early genes (c-Fos) and other genes. 
Activation of these kinases and induction of c-Fos expression by Ang II is crit- 
ically dependent on Ca 2 * [46]. However, L-type Ca entry currents seem not to 
be required for the stimulation by Ang II and ET-1 of c-Fos expression and cell 
growth at least in neonatal cardiomyocytes [20, 45]. In contrast, in the same 
model, CCBs attenuated markedly a- agonist-stimulated protein synthesis and 
ANF expression [50]. In addition, the hypertrophic response of neonatal car- 
diomyocytes to serum stimulation was slightly inhibited by nifedipine and 
enhanced by the L-type channel agonist Bayer K 8644 [25]. Those observa- 
tions show that blockade of L-type currents in heart is a player in the reduc- 
tion of cardiac hypertrophy. This indicates why the in vivo action of CCBs 
might not easily be dissociated from the reduction of blood pressure. 
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Blockade of the renin-angiotensin-aldosterone system 

The renin-angiotensin system (RAS) has long been known to play a major role 
in cardiovascular remodeling induced by hypertension, as evidenced by the 
beneficial effects of ACE inhibitors and ATj receptor blockers [21]. Ang II 
may act partly by increasing the production of other mediators, including ET-1 
[19] a potent inducer of cardiomyocyte hypertrophy, and transforming growth 
factor-pl (TGF-|3l) [49]. Increased aldosterone levels favor myocardial fibro- 
sis through activation of cardiac aldosterone receptors, independently of 
haemodynamic factors [61]. As shown by Muller et al. [32], circulating renin 
can be taken up by the heart and induce local synthesis of Ang II. Thus, 
increased renin production by the kidney may be expected to contribute to 
activation of cardiac RAS and to favor cardiac remodeling. Most probably, 
such a mechanism is operative in the salt-loaded SHRSP model, in which 
renin production is paradoxically enhanced. Activation of renal renin synthe- 
sis seems to be related to salt-induced renal damage [16]. Renal damage 
occurring in salt- sensitive rats is evidenced by increased urinary protein excre- 
tion, lesions of malignant nephrosclerosis and increased gene expression of 
TGF-pl, a key mediator of glomerulosclerosis [35]. In stroke-prone SHR 
exposed to salt-load, this nephropathy, and the concomitant elevation of renin 
production, is prevented by amlodipine and lacidipine at dosages that cause 
little reduction in blood pressure [10]. The reduction of PRA was accompa- 
nied by reduction of the salt-dependent over-expression of ET-1 in both heart 
and vessels [12, 23] showing that CCBs attenuated the production of two 
major cardiac hypertrophic factors. Ang II is a potent stimulus not only for 
cardiomyocyte hypertrophy and gene reprogramming but also for hyperplasia 
and up-regulation of fibrosis-associated genes in cardiac fibroblasts. 
Prevention of the activation of the renin-angiotensin-aldosterone system by 
CCBs may contribute to blood-pressure independent end-organ protection in 
SHRSP exposed to salt-load. Too high doses of CCBs, however, are able to 
further stimulate renal renin production in salt-loaded SHRSP, an action that 
appears to be unrelated to kidney damage [24], but is a branch of reflexes 
evoked by too low blood pressure. 

Blockade of the renin-angiotensin-aldosterone (RAS) system is a powerful 
therapeutic mechanism illustrated by the actions of ACE inhibitors and 
angiotensin antagonists. Such an action can be achieved by CCBs. Their action 
may result either from reduction of the production of renin, as observed in salt- 
loaded SHRSP, or from ACE inhibition. A direct action on ACE has been 
shown for amlodipine. It has been reported that the vasodilatory effect of 
amlodipine might be attributable to an increase in local bradykinin concentra- 
tion, secondary to inhibition of its breakdown by ACE. Indeed, when examin- 
ing the ability of amlodipine to cause ACE inhibition in a serum sample, Xu B 
et al. [57] found that amlodipine can potently inhibit ACE activity, to a similar 
extent to enalapril, a well-established ACE inhibitor used widely in clinical 
practice. The kinin- and NO-dependent component of the vasorelaxation 
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induced by amlodipine may indeed relate to its ability to inhibit ACE. NO 
biosynthesis by the vascular endothelium is generally thought of as beneficial, 
since NO, quite apart from its vasodilatory properties, exerts anti-atherogenic 
effects on the vascular wall as reported by Napoli and Ignarro [38]. Thus, one 
might postulate that a CCB such as amlodipine, which stimulates NO biosyn- 
thesis, might exert an additional vasculoprotective effect not shared with 
another agent which produces a similar degree of vasorelaxation but do not 
generate NO. 



Inhibition of protein kinase C 

The protein kinase C (PKC) family comprises three sub-groups of serine/thre- 
onine kinases that are differentiated on the basis of their sensitivity to calcium 
and lipid. Classical PKCs (PKC-a, -p l7 -p 2 and y) are activated by phos- 
phatidylserine, Ca 2+ and diacylglycerol (DAG) or its synthetic analog phorbol 
myrisate acetate (PMA). Novel PKCs (PKC-8, -£, -rj, -rj, -p) are Ca 2+ -inde- 
pendent but require DAG. Atypical PKCs (PKC-£, -I, -X) do not require Ca 2+ 
or DAG. 

PKCs are involved in various cellular events including muscle contraction, 
cardiovascular hypertrophy and endothelial permeability. Their activation is 
observed in various conditions including exposure of tissues to vasoconstric- 
tors, to growth factors and to ischaemia. The translocation of PKC from the 
soluble to the particulate fraction of cells exposed to appropriate stimuli gives 
a measure of the activation of the enzyme. It has been reported that CCBs may 
inhibit PKC translocation. Block and co-workers [2, 3] have used two recom- 
binant PDGF homodimers to determine the roles of each isoform in the acti- 
vation of phosphatidylinositol turnover in vascular smooth muscle cells 
(VSMC) isolated from rat thoracic aorta, their mitogenic effect on VSMC, and 
their vasoconstrictor effect on intact strips of aortic vascular tissue. Three 
Ca 2+ -channel blockers, nifedipine, verapamil, and diltiazem, were employed 
as antagonists for investigating the PDGF-dependent changes mediated by the 
homodimers. PDGF-BB had a greater efficacy than PDGF-AA on inositol 
1,4,5-triphosphate release, on the formation of diacylglycerol, and on Ca 2+ 
mobilization, which was also associated with vasoconstrictor activity and 
effective mitogenicity. PDGF-AA, on the other hand, was more potent than 
PDGF-BB in stimulating protein kinase C. In all instances, Ca 2+ -channel 
blockers inhibited the activation of the phosphatidylinositol turnover by the 
two homodimers. The results of Block et al. showed that representatives of 
three chemical groups of calcium antagonists (nifedipine, verapamil, and dil- 
tiazem) all inhibited the action of recombinant platelet-derived growth factor 
in vascular smooth muscle cells and reduced PKC activation. They also 
observed that calcium antagonists modulate expression of HMG-CoA reduc- 
tase and LDL-receptor genes stimulated by platelet-derived growth factor. 
These calcium antagonist-mediated effects on gene expression were observed 
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at pharmacological concentrations that were one to two orders of magnitude 
lower than those required for inhibition of depolarization-induced opening of 
voltage-sensitive L-type calcium channels. Similar observations have been 
made by other groups (see for instance [59]). However, in the above-men- 
tioned studies, the effects of calcium antagonists were investigated in cell 
types that possess L-type calcium channels, such as vascular smooth muscle 
cells. In vivo studies have confirmed those experiments performed on isolated 
cells. For instance, when calcium ionophore A23187 or phenylephrine were 
injected i.p., they induced translocation of protein kinase C (PKC) from the 
cytosol to the membrane fraction of the rat frontal cortex and hippocampus. 
The action of A23 1 87 was blocked in a dose-dependent manner by nifedipine 
and verapamil. The phenylephrine-induced translocation of PKC was blocked 
by prazosin and in a dose-dependent manner by nifedipine and verapamil. This 
indicates that the influx of calcium ions through an L-type calcium channel is 
probably necessary for a full alpha j -adrenoceptor mediated activation and 
translocation of PKC that can be blocked by CCBs, but under conditions able 
to cause reduction in blood pressure [52]. Therefore, in order to examine if 
CCBs may have BP independent effects, studies need to be performed in cells 
that do not contain L-type Ca channels. In this regard, endothelial cells provide 
an interesting model to describe actions of CCBs. Hempel et al. [17] have test- 
ed the hypothesis that nifedipine can prevent ischaemia-induced endothelial 
permeability increases by inhibiting protein kinase C (PKC) in cultured 
porcine endothelial cells. The inhibition of ischaemia-induced permeability by 
nifedipine seems to be mediated primarily by PKC-a inhibition. In those cells 
that do not contain L-type Ca channels, nifedipine inhibited both PKC-a and 
PKC-^ translocation at very low concentration. The authors have concluded 
that nifedipine exerts a direct effect on endothelial cell permeability that is 
independent of calcium channels. 



Interaction with the L-arginine-NO pathway 

In isolated precontracted rat aorta, the relaxation evoked by CCBs is more 
pronounced in the presence than in the absence of endothelium [14, 48]. This 
indicates that NO has a role in the vasodilatation evoked by CCBs. 
Furthermore, cGMP (which is formed through the action of NO) and vera- 
pamil are synergistic to produce vascular muscle relaxation [48]. The facilita- 
tion of CCBs action due to the L-arginine-NO pathway may also result from 
other effects. Brovkovych et al. studied the effect of endothelium-dependent 
vasorelaxation, the release of NO and superoxide (0 2 ) in the presence of 
nifedipine in isolated cultured rabbit endothelial cells. Highly sensitive elec- 
trochemical microsensors were placed onto the cell membrane, and the kinet- 
ics of NO and superoxide (0 2 ) were measured simultaneously with time res- 
olutions of 0.1 and 0.05 ms, respectively. Nifedipine at its therapeutical con- 
centrations stimulated NO release and scavenged superoxide (0 2 ) in endothe- 
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lial cells. The NO concentration was approximately 50% and 30% of the con- 
centration measured in the presence of receptor-dependent (acetylcholine) and 
the receptor-independent (Ca 2+ ionophore A23 1 87) NO synthase (eNOS) ago- 
nists, respectively. NO release stimulated by eNOS agonists was followed by 
the generation of the NO scavenger superoxide. The average rate of NO 
release by nifedipine was relatively slow, in sharp contrast to the fast rate of 
NO release by acetylcholine. These experiments illustrate how nifedipine, 
apart from its well-known Ca 2+ antagonistic properties in vascular smooth 
muscle cells, stimulates the release of significant concentration of NO in 
endothelium and also preserves NO concentration. Thus nifedipine in the 
nanomolar range stimulates the release of NO from endothelial cells and pre- 
serves NO concentration [5]. Zhang and Hintze [65] demonstrated that 
amlodipine increases nitrite production from healthy canine coronary micro 
vessels in vitro, reflecting an increase in NO biosynthesis that is kinin-depend- 
ent. Similar results were obtained in coronary micro- vessels from dogs with 
pacing-induced heart failure [67]. These same workers subsequently demon- 
strated in similar fashion that amlodipine can increase nitrite generation in 
coronary microvessels isolated from failing human hearts at the time of car- 
diac transplantation [66]. Amlodipine may increase NO generation in the vas- 
culature through an increase in kinin activity [65, 68]. Vaziri and his col- 
leagues observed that administration of felodipine enhances nitric oxide (NO) 
production and NO synthase (NOS) isotype expressions and activities in rats 
with chronic renal failure CRF. Having found marked increases in nitric oxide 
(NO) production and endothelial and inducible NO synthase (eNOS and 
iNOS) expressions with calcium channel blockade in rats with chronic renal 
failure, Ding and Vaziri studied whether enhanced NO production with calci- 
um channel blockade is a direct effect of this therapy or a consequence of the 
associated haemodynamic and humoral changes. They tested the effects of 
felodipine on nitrate and nitrite (Nox) generation, Ca 2+ -dependent and -inde- 
pendent NOS activity, and eNOS and iNOS protein masses in proliferating 
and quiescent rat aortic endothelial cells in culture. Compared with vehicle 
alone, felodipine significantly increased NOx generation, Ca 2+ -dependent 
NOS activity, and eNOS protein mass in proliferating and quiescent endothe- 
lial cells. Felodipine did not modify the stimulatory action of 10% fetal calf 
serum on DNA synthesis (thymidine incorporation) and cell proliferation. 
Ca 2+ -independent NOS activity and iNOS protein expression were negligible 
and unaffected by calcium channel blockade. NOx production and NOS 
expression were greater in proliferating cells than in quiescent cells. Thus, cal- 
cium channel blocker up-regulates endothelial NO production in vitro, con- 
firming their previous in vivo study. They concluded that their observation 
indicates that the reductions in cytosolic [Ca 2+ ] and vasodilation with calcium 
channel blockade are not only due to inhibition of Ca 2+ entry but also to an 
NO-cGMP mediated mechanism. There is thus a marked up-regulations of 
basal and acetylcholine- stimulated NO production and endothelial NOS 
(eNOS) expression and activity by felodipine in cultured endothelial cells [11, 
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56]. Krenek et al. [23] have shown that lacidipine restored the loss of endothe- 
lium-dependent vascular relaxation in SHRSP exposed to salt-load, an effect 
likely related to increased eNOS expression. These in vivo and in vitro stud- 
ies provided convincing evidence for the up-regulatory action of CCBs. These 
studies were extended by showing that in cultured human coronary artery 
endothelial cells, both nifedipine and diltiazem significantly increased NO 
production and eNOS protein expression and activity, whereas verapamil had 
no discernible effect on NO system in human coronary artery endothelial cells 
in vitro. This observation was confirmed by Xu et al. [57] who showed that 
amlodipine increases vascular NO generation in anesthetized rabbit and that 
the subsequent femoral artery dilatation is sensitive to a kinin antagonist. 
Additionally, several CCBs have been demonstrated to possess antioxidant 
and oxygen free radical- scavenging properties (see below and [37, 40, 51]). 
Superoxide anion can remove NO by combining chemically with it, forming 
the potent oxidant and cytotoxic radical peroxy nitrite. Because of their antiox- 
idant property, CCB may potentially increase NO availability through removal 
of superoxide anion. 

The interaction of CCBs with the over-expression of iNOS has also been 
studied [47]. iNos produces large quantities of NO, which may be deleterious 
for the cardiovascular system. There are a number of studies showing that 
cytokines generated by activated immune cells cause an increase in nitric 
oxide (NO) via induction of NO synthase (NOS), which results in a direct neg- 
ative inotropic effect and a modulation of inotropic responsiveness. Increases 
in inflammatory circulating cytokines have been detected in patients with heart 
failure and cardiomyopathy, elevated plasma levels of nitrite/nitrate inpatients 
with heart failure have been reported, and inducible NOS (iNOS) has been 
found in ventricular tissue from patients with dilated cardiomyopathy [31]. 
Overproduction of nitric oxide (NO) from inducible nitric oxide synthase 
(iNOS) is also importantly involved in the pathogenesis of atherosclerosis [7]. 
Therefore, it is of interest to know the action of CCBs on iNOS expression due 
to inflammatory agents. In endotoxemia induced by Salmonella typhosa 
lipopolysaccharide (LPS), amlodipine-treatment reduced both the LPS- 
induced Ca 2+ -independent NOS activity in homogenates of heart and the 
expression of iNOS mRNA in aortae (Fig. 2). Amlodipine (10 pM) inhibited 
nitrite production in macrophage culture challenged with LPS [47]. Chou et al. 
[7] investigated the effect of amlodipine on nitrite production and iNOS induc- 
tion both in lipopolysaccharide (LPS) and interferon-gamma (IFN-gamma)- 
treated rat aortic smooth muscle cells (RASMC). Incubation with amlodipine 
(0.1-10 microM) for 24 h resulted in a significant and dose-dependent atten- 
uation in medium nitrite as well as iNOS protein expression in LPS/IFN- 
gamma-treated RASMC. These results suggest that amlodipine may exert vas- 
cular beneficial effects by suppressing pro-inflammatory cytokines and free 
radical generation related to iNOS induction in smooth muscle cells during 
activation of inflammatory mechanism. 
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Figure 2. Typical autoradiograms of Northern analysis of mRNA levels in aortic tissue from Wistar 
rats exposed or not to LPS with or without amlodipine; Modified from Salomone et al. [47]. 



Antioxidant effects 

Oxidative stress describes the injury caused to cells by the oxidizing of macro- 
molecules resulting from increased formation of reactive oxygen species 
(ROS) and/or decreased antioxidant reserve. Recent works have reported that 
all types of vascular cells generate ROS. A growing number of reports have 
provided a critical role for oxidative stress in the pathogenesis of cardiovascu- 
lar diseases, including hypertension. Oxidant stress contributes to vascular dis- 
eases by promoting vascular smooth muscle proliferation, 
monocyte/macrophage infiltration, vascular tone alteration, and matrix metal- 
loproteinases activation. Recent evidence suggests that hypertension, in par- 
ticular, is associated with increased vascular oxidant stress. A membrane 
bound NADH/NADPH oxidase, the major source of reactive oxygen species 
in blood vessels is activated in rats made hypertensive by prolonged 
angiotensin II infusion [62]. This increase in superoxide anion production con- 
tributes to impaired endothelium-dependent relaxation, the hypertension being 
ameliorated by treatment with membrane-targeted forms of superoxide dismu- 
tase (SOD) which is one of the major cellular defenses against superoxide 
anion. Hypertrophy of vascular smooth muscle cells caused by angiotensin II 
is mediated by reactive oxygen species derived mainly from the membrane 
bound NADH/NADPH oxidase. Similarly, a recombinant heparin-binding 
SOD acutely lowers blood pressure in spontaneously hypertensive rats [36]. 
Taken together, these findings indicate that oxidant stress critically contributes 
to the pathogenesis of hypertension and its related vascular disease [15]. 

An enhanced production of ROS contributes to the dysregulation of physi- 
ological processes, which leads to structural and functional alterations 
observed in hypertension and atherosclerosis. Enzymatic sources of ROS in 
the vascular wall playing a functional role in hypertension are NAD(P)H oxi- 
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dase, NO synthase, xanthine oxidase, and cyclooxygenase. Several experi- 
mental observations have shown an enhanced superoxide generation as a result 
of the activation of vascular NAD(P)H oxidase by shear stress and various fac- 
tors including angiotensin II, PDGF and TNFa. Two characteristic alterations 
of the vascular wall in hypertension are endothelial dysfunction and vascular 
smooth muscle cell (VSMC) hypertrophy. A role for ROS has been proposed 
in angiotensin II pathological action. ROS are also involved in several signal 
pathways and in the activation of redox- sensitive transcriptional factors, such 
as nuclear factor (NF)-kB [18]. It has been shown that angiotensin II activates 
NF-kB in VSMCs. Furthermore, NF-kB has been implicated in the transcrip- 
tion of a number of vascular genes [4]. Finally, NF-kB seems to play a pivotal 
role in angiotensin II-stimulated ROS generation and inflammatory mecha- 
nisms (see review [26, 27]). Antioxidant mechanisms can be divided into two 
major classes based on their mode of action: antioxidant enzymes and non- 
enzymatic antioxidants (scavengers). The class of antioxidants enzymes con- 
sists of superoxide dismutase (SOD), catalase and glutathione peroxidase. 
Dismutation of 0 2 by SOD produces H 2 0 2 a more stable ROS, which in turn 
is converted to H 2 0 by catalase and glutathione peroxidase. Several authors 
have described the antioxidant properties of CCBs as being due either to direct 
scavenging effect or to preservation of the activity of superoxide dismutase. 
Experimental studies [29] have shown that some CCBs may inhibit oxidative 
damage to lipids associated with cellular membranes and lipoprotein particles. 
Under controlled experimental conditions, they may inhibit lipid peroxide for- 
mation at concentrations as low as 10.0 nM, independent of calcium channel 
modulation. This antioxidant activity is found with high lipophilic CCBs when 
their chemical structure facilitates proton-donating and resonance- stabilization 
mechanisms that quench the free radical reaction. By inserting to a location in 
the membrane near polyunsaturated fatty acids at relatively high concentra- 
tions, amlodipine and lacidipine are capable of donating protons to lipid per- 
oxide molecules, thereby blocking the peroxidation process. The remaining 
unpaired free electron associated with the CCB molecule can be stabilized in 
well-defined resonance structures associated with the dihydropyridine ring. 
The reaction that describes the antioxidant effects of a dihydropyridine (DHP) 
CCB is as follows in which LOO* represents a lipid peroxide molecule: 

LOO* + DHP -> LOOH + DHP* 

The antioxidant capacity of any chemical compound can be measured in vitro . 
According to Ursini [54], for all dihydropyridines, the rate constant for the 
interaction with peroxyl radicals is three orders of magnitude lower than that 
of the vitamin E derivative, and therefore all these molecules must be consid- 
ered as rather weak antioxidants. However, it is worth considering the binding 
to specific structures and the partition coefficient to membranes, which pro- 
vides a local high concentration. Therefore, the actual rate of the interaction 
with free radicals could be sufficient even though the rate constant of the reac- 
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Figure 3. In vivo antioxidant capacity of CCBs. Illustration by the action of lacidipine on the abun- 
dance of oxidized LDL identified in the arterial intima of rat carotid artery by specific antibodies. 
Modified from Napoli et al. [39]. 



tion is lower than that of vitamin E. Indeed, in SHRSP exposed to salt-load and 
treated with CCBs or vitamin E, Napoli et al. [39] have observed a marked 
reduction of the presence of oxidation- specific epitopes in carotid and middle 
cerebral arteries (Fig. 3). This reduction was unrelated to decrease of elevated 
blood pressure and was similar to the action of vitamine E that was without 
effect on blood pressure. They have also reported that nifedipine and lacidip- 
ine reduced the rate of oxidation of LDL measured in the blood ex vivo (Tab. 1). 

The antioxidant action of CCBs has been demonstrated in other experimen- 
tal setup. Berkels et al. [1] have reported that treatment of the endothelium with 
dihydropyridine calcium antagonists resulted in an increased release in NO that 



Table 1 . Ex vivo peroxidation of LDL [39] 



Species 


Rate: nmol/(min. mg LDL) 


WKY 


9.9 ± 1.5* 


SHRSP 


12.4 ± 1.5 


+ Nif (80 mg) 


9.1 ± 1.4* 


+ Lac (1 mg) 


8.8 ± 1.5* 


+ Lac (0.3 mg) 


9.0 ± 1.5* 


+ Vit E (100 IU) 


8.4 ± 1.6* 
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is not due to a modulation of L-type calcium channels, because macrovascular 
endothelial cells do not express this channel. In their study, they investigated 
how long-term (48 hours) treatment of porcine endothelial cell cultures with 
nifedipine resulted in a enhanced NO liberation. With regard to the underlying 
mechanism, they examined whether nifedipine changed the mRNA and protein 
levels of the constitutive endothelial NO synthase (NOS) in endothelial cell cul- 
tures or exerted an NO protective effect via its antioxidative properties, as 
revealed in a cell culture model and with native endothelium from porcine coro- 
nary arteries. They observed that nifedipine induced a significant time- and con- 
centration-dependent increase in the basal NO liberation that was not due to ele- 
vated eNOS mRNA and protein levels. However, at the same concentration, 
nifedipine significantly reduced the basal and glucose- stimulated formation of 
reactive oxygen species, indicating therefore that nifedipine might protect 
released NO from oxidation by ROS. They concluded this increased NO avail- 
ability may cause part of the vasodilation and might contribute to the antithrom- 
botic, antiproliferative, and antiatherosclerotic effects of dihydropyridine calci- 
um antagonists. Indeed, antioxidants are endowed with antihypertrophic effects 
both in vitro (on cultured neonatal cardiomyocytes [34]) and in some in vivo 
models (in double transgenic rats harboring both human renin and 
angiotensinogen genes [33]), possibly by opposing ROS-dependent NF-kB 
activation. It was indeed reported by Cominacini et al. [8] that lacidipine 
inhibits the activation of the transcription factor NF-kB and the expression of 
adhesion molecules induced by pro-oxidant signals on endothelial cells. 
Increasing evidence indicates that activation of the endothelium during inflam- 
mation plays a role in the pathogenesis of atherosclerosis and thrombosis and is 
a pivotal factor in myocardial reperfusion injury, mediating the migration of 
neutrophils into ischaemic/reperfused myocardium. Recent studies have 
demonstrated that activated endothelium displays up-regulated levels in a vari- 
ety of molecules, including growth factors, cytokines, and cell surface adhesion 
molecules. The up-regulated endothelial cell adhesion molecules act in concert 
with leukocyte adhesion molecules to co-ordinate the localization of leukocytes 
to inflamed tissue. The pivotal role of NF-kB activation has been reported in 
this process. Moreover, antagonizing the vascular nuclear factor-B pathway 
may modulate the atherosclerotic process. According to Cabrero et al. [6], acti- 
vation of NF-kB is required for hypertrophic growth of cardiomyocytes. They 
showed that etomoxir, an irreversible inhibitor of carnitine palmitoyltransferase 
I (CPT-I) that activates peroxisome proliferator- activated receptor alpha 
(PPARalpha), induces cardiac hypertrophy via increased cellular oxidative 
stress and NF-kB activation. Lacidipine, at the doses of 0.3 and 1 mg/kg/d, has 
been shown to display antioxidant properties in salt-loaded SHRSP (as evi- 
denced, for instance, by the reduction of oxidized LDL in the arterial intima) 
and to be more effective in this respect than nifedipine [39]. As was observed in 
other experimental conditions, differences may also been observed among 
drugs belonging to the 1,4-DHP class. Carvedilol (7.5 mg/kg), a non- selective, 
vasodilating p-blocker with potent antioxidant properties was, like lacidipine, 
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more effective than labetalol (60 mg/kg) to prevent LV hypertrophy and the acti- 
vation of the endothelin gene evoked by aortic banding, whereas those drugs did 
not appreciably reduce mean carotid pressure and similarly blocked the increase 
in plasma renin activity [30]. However, in contrast to lacidipine, vitamin E did 
not lower cardiac weight in salt-loaded SHRSP [39], which indicates that, in this 
model, the antioxidant activity alone was not sufficient to induce an antihyper- 
trophic effect. It therefore appears that inhibitors of NF-kB and antioxidants 
might have a therapeutic role in cardiac hypertrophy, independently of an action 
on blood pressure, they also have a therapeutic action in atherosclerosis [9, 63]. 
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From early clinical studies to randomized controlled 
clinical trials 



As already mentioned above, the therapeutic indications of calcium antago- 
nists were supported by considering their vasorelaxant properties, at a time 
when the current hypothesis was that some cardiovascular pathology resulted 
from reduced tissue perfusion. In the present chapter the first clinical studies, 
on which have been justified the clinical indication will be briefly reviewed. 
Those studies enrolled a limited number of subjects. Their conclusions have 
been challenged by some authors [28, 87]. The actual clinical use is based on 
large multicenter clinical trials and have been defined in several guidelines that 
are not reviewed in this book. In this chapter, we will review studies dealing 
with the cardiovascular system. We shall address the action of calcium antag- 
onists in cardiac ischaemia (stable effort angina, circadian rhythm of angina 
and silent ischaemia, angina caused by coronary spasm: vasospastic angina, 
unstable angina and acute myocardial infarction), their action in cardiac 
arrhythmias, in hypertension and atherosclerosis. 



The action of calcium antagonists in cardiac ischaemia 

Chronic stable effort angina 

Agents other than nitrates may efficiently treat stable angina. Beta-blockers 
have preceded calcium antagonists in that respect, therefore several trials 
have attempted to evaluate the relative efficiency of calcium antagonists by 
comparison with propranolol as well as their action over placebo. The crite- 
ria usually adopted in order to assess the efficacy of the drugs were the fol- 
lowing: 

1) decrease of nitroglycerin consumption 

2) reduction of the frequency of angina episodes 

3) prolongation of exercise time 

4) increase of work capacity 

5) ST recovery time, measuring myocardial ischaemia following exercise by 
the duration of ST depression 

6) degree of ST depression at a defined workload, providing the demonstrated 
reproducibility of this depression 
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The action of verapamil 

Verapamil, which was synthetized in 1962 [36], was initially described as a 
coronodilatator. It has therefore been introduced to treat angina, as soon as 
1963 by Tschirdewahn and Klepzig [132]. In 1968, it was considered as a beta- 
blocker [50a, 76], but was later characterized as a calcium antagonist by 
Fleckenstein et al. [25a]. Several controlled clinical trials have established the 
efficacy of verapamil over placebo [81]. 

Most of the controlled clinical trials (CRTs) dealt with comparison of vera- 
pamil versus propranolol, using as an objective criteria the action on ST-seg- 
ment depression. Figure 1 illustrates a theoretical exemple of changes in ST 
segment during and after exercise [43]. The usual procedure was to estimate 
the duration of a given work on the appearance of conventional electrocardio- 
graphic positivity (1 mm ST depression). As reported by de Ponti and Vincenzi 
[21], the duration of work, expressed in second, increased significantly after 
verapamil administration and this effect was dose-dependent. Furthermore, 
after intravenous injection, the effective dose of verapamil was much lower 
than the dose required per oral route, an indication that the bioavailability of 
verapamil is reduced per os. In pharmacokinetic studies, the bioavailability of 
verapamil in human was estimated of 22% [24]. This estimate was confirmed 
in functional studies, when the reduction of ST depression for a given work- 
load was measured in patients treated with various doses of verapamil [43]. 

Comparison of verapamil with beta-blockers 

Comparison with beta-blockers has been performed in controlled studies by 
measuring the reduction of pain attacks or of nitroglycerin consumption. It 
appeared that verapamil 360 mg/day was equiactive to propranolol 
300 mg/day [25, 26, 46, 53, 61, 100, 101, 126]. Since there is a dose-depend- 
ency for both agents, it is obvious that the superiority of one agent against the 
other cannot be estimated by comparing a single dose of each drug. When 
other criteria were used, it appeared that if beta-blockers delayed ECG alter- 
ations more than angina, verapamil, and nifedipine delayed angina more than 
ECG alterations, indicating the existence of a qualitative difference between 
beta-blockers and calcium antagonists [21]. The significance of this observa- 
tion is still unclear, but it makes obvious that comparison between various 
agents cannot be based on one single parameter. 

The action of nifedipine and diltiazem in stable angina 
Nifedipine action has been widely investigated in patients suffering of stable 
angina. From earlier studies, its action over placebo appeared to be highly sig- 
nificant (see for instance Terry [128], Sherman and Liang [114]). Exercise- 
induced ST segment depression was reduced after 20 mg nifedipine (sublin- 
gual) as Figure 2 illustrates [43]. This effect was also observed after oral 
administration and it was dose-related [43]. This beneficial response was also 
evoked after intravenous and intracoronary administration. When given orally 
at 20 mg three times per day, nifedipine action persisted during prolonged 
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Figure 1. Theoretical illustration of ST-segment depression during exercise and of its recovery after 
exercise in patients with stable effort angina treated by placebo and effective medication (modified 
from [43]). 
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Figure 2. Reduction of ST-segment depression after nifedipine (20 mg sublingual). Double blind trial 
(n = 12); modified from [43]. 



studies. When nifedipine and nitroglycerin were given sublingually, the 
authors have estimated the following parameters: workload, maximum heart 
rate, blood pressure at rest while seated on bicycle, maximum systolic blood 
pressure measured by indirect measurement using a mercury column manome- 
ter, maximum rate pressure product, ST-segment depression at controlled heart 
rate. Results showed clearly that nifedipine increased total work and decreased 
the depression of the ST-segment. Nifedipine has also been compared to beta- 
blockers [19, 42a, 62]. A placebo-controlled, double-blind, crossover study 
was conducted by Higginbotham et al. [42a] to determine the effects of 
nifedipine (60 to 90 mg per day) monotherapy and propranolol (240 mg per 
day) monotherapy on symptoms, angina threshold, and cardiac function in 
patients with chronic stable angina. Following a two-week placebo period, 
patients were randomly assigned to receive either nifedipine or propranolol for 
a five- week treatment period, after which they crossed over to the alternative 
regimen. All 21 patients were men with chronic stable angina pectoris, 13 of 
whom had symptoms both at rest and on exertion. New York Heart Association 
functional class improved in patients taking either nifedipine or propranolol, 
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and nitroglycerin consumption decreased with both treatments compared with 
placebo. Nifedipine significantly delayed the onset of chest pain and 1 mm of 
ST-segment depression during bicycle exercise; increases with propranolol 
were smaller and not statistically significant. Nine patients had a preferential 
clinical response to nifedipine compared with six patients to propranolol; this 
was unrelated to the presence or absence of pain at rest or to any baseline 
haemodynamic finding. Nifedipine and propranolol were equally effective in 
relieving exertional ischaemia as shown by improvement in radionuclide ejec- 
tion fraction at identical workload. Exercise wall motion, assessed by a semi- 
quantitative wall motion score, also improved with both drugs. Propranolol 
treatment decreased exercise cardiac output by 14 percent (p = 0.01) through 
its effect on heart rate. In contrast, nifedipine treatment had no negative effect 
on cardiac output. According to the authors, nifedipine was more effective on 
several measurements than propranolol when administered as single drug ther- 
apy in stable angina and had the advantage of preserving cardiac output dur- 
ing exercise [42]. 

Dargie et al. have compared the antianginal effects of nifedipine and pro- 
pranolol, alone or in combination, with those of placebo in a double-blind 
clinical trial that included 16 patients with chronic stable angina triggered by 
exertion. A low dose and a high dose of the active drugs were administered 
(nifedipine, 30 and 60 mg/day; propranolol, 240 and 280 mg/day). Precordial 
exercise mapping and continuous electrocardiographic recordings were used 
to assess objective response to therapy, and the patients were asked to keep a 
diary of episodes of chest pain and consumption of nitroglycerin tablets for 
subjective appraisal. Both frequency of chest pain and nitroglycerin con- 
sumption were significantly reduced by each of the active drugs when com- 
pared with placebo, and the combination of nifedipine and propranolol added 
significantly to the effectiveness. Reductions in area of ischaemia and number 
of episodes of ST segment depression on 48-hour ambulatory electrocardio- 
graphic monitoring corroborated the efficacy of each active treatment with 
respect to placebo. Nearly 60 percent of all episodes of ST segment depres- 
sion were painless and responded to the active treatment in the same manner 
as did the episodes associated with chest pain. Side-effects were mild and all 
treatments were well tolerated. The objective methods used allowed for clear- 
cut differentiation of treatment effects with the various regimens. Although the 
two drugs alone were significantly more effective than placebo, their combi- 
nation provided an even greater improvement (p less than 0.005), and there- 
fore it appears to be a safe and effective form of treatment for chronic stable 
angina [19]. 

However, with large doses of nifedipine, side-effects were found in patients. 
Earliest observations indicated that short-acting nifedipine may provoke car- 
diac ischaemia, observations reconfirmed some years later [28]. The propor- 
tion of patients who have to experience this chest pain varied according to var- 
ious studies: between 10% for Stone et al. [122] and less than 1% in a retro- 
spective review of Terry [128] over 3,000 patients. A recent study [87] has bet- 
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Figure 3. Effect of diltiazem on criteria usually adopted in order to assess the efficacy of drugs in sta- 
ble angina; modified from [108]. 



ter quantified the proportion of cardiac ischaemia crisis; this has prompted a 
revision of the mode of administration of nifedipine, which is nowadays given 
by oral route in slow releasing (GITS) preparations. 

Diltiazem has also been studied in stable angina and compared to placebo 
and propranolol. Usually, those comparisons used diltiazem 9 mg four times 
daily, propranolol 60 mg four times daily against placebo. Figure 3 [108] illus- 
trates the significant effect of diltiazem on three parameters: total exercice 
duration, time to angina, and time to ST-segment depression. According to 
Schroeder et al. [108], diltiazem decreased the sub-maximal and maximal 
degree of exercise-induced ST segment depression by over 50% compared to 
placebo (P less than 0.01 versus placebo). Diltiazem resulted in a higher exer- 
cise left ventricular ejection fraction compared to placebo, propranolol or the 
combination of diltiazem or propranolol (all less than P less than 0.05). Sinus 
bradycardia occurred in patients on the high-dose combination therapy and 
required dose reduction. This bradycardia also observed with verapamil is like- 
ly related to blockade of Ca v 3 channels [123]. 

Side-effects of verapamil, nifedipine and diltiazem observed during those 
studies 

Drug-induced cardiac ischaemia results from a sympathetic reflex in response 
to a rapid lowering of blood pressure, which may be due to fast-acting agents. 
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The more frequent side-effects of nifedipine, verapamil and diltiazem were 
related to their action on smooth muscles; with verapamil, about 70% of the 
patients complained of constipation; with nifedipine, the major side-effect was 
ankle oedema, a side-effect also reported with diltiazem. Due to their potent 
negative inotropic effect, overdosage of verapamil and diltiazem have been 
avoided in order not to aggravate symptoms of cardiac insufficency. 

The proportion of subjects who had to discontinue one of those three agents 
due to those side-effects varied between 3 and 5%. 



Circadian rhythm of angina and silent ischaemia 

Several studies using out-of-hospital ambulatory electrocardiographic 
STsegment monitoring have shown that several ischaemic episodes are not 
associated with pain [9, 10]. They exhibit a circadian rhythm with clusters of 
ischaemic episodes in the early morning hours. ST-segment changes similar to 
those occurring with pain attacks have been termed silent ischaemia. Patients 
with silent ischaemia are usually divided into three groups. Those with only 
silent ischaemia who never have angina and have not had a myocardial infarc- 
tion, represent a very negligible group of patients identified by chance on 
Holter monitoring. A second group of patients develop silent ischaemia after a 
myocardial infarction. The third group comprised those with typical angina 
pectoris and episodes of silent ischaemia. This third group is the largest one 
because most angina patients have silent episodes and often more silent than 
painful episodes. According to Taylor et al. [127] a clear circadian rhythm 
exists for angina, with the frequency of attacks increasing during the mid- 
morning and mid-afternoon hours. This pattern is comparable to circadian 
rhythms previously reported for the incidence of myocardial infarction and 
sudden cardiac death. The frequency of angina attacks precipitated by physi- 
cal exertion showed a more pronounced circadian pattern compared to non- 
exertional angina. Beta-adrenergic blocking agents did not abolish the circadi- 
an rhythm of total angina and exertional angina attacks. Figure 4 illustrates this 
circadian rhythm of angina attack, showing a peak between 10.00 and 12.00 
a.m. and a second peak between 2.00 and 3.00 p.m. [127]. Taylor et al. have 
evaluated the action of amlodipine on the circadian rhythm of angina in a pool 
data issued from nine multicenter double-blind placebo controlled studies. 
Placebo and amlodipine did not change the circadian rhythm, but amlodipine 
reduced significantly the anginal attacks when compared to placebo 
(p < 0.0001). Similar observations were made with nifedipine and other dihy- 
dropyridines. For instance, Nesto et al. [77, 78] conducted a randomized, dou- 
ble-blind, crossover study in patients to assess the effect of nifedipine versus 
placebo on total ischaemic activity and circadian distribution of ischaemic 
episodes. After baseline exercise treadmill testing and 48-hour ambulatory 
electrocardiographic ST-segment monitoring, patients received either nifedip- 
ine (mean dose, 80 mg/day) or placebo administered four times per day, with 
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Figure 4. Circadian rhythm of angina in patients treated with placebo (O) and amlodipine (•); mod- 
ified from [127]. 



the initial dose taken immediately upon arising in the morning. Patients were 
maintained on a stable dose of each study drug for seven days, after which they 
underwent repeat exercise treadmill testing and 48-hour ambulatory electro- 
cardiography. During exercise treadmill testing, greater exercise duration was 
achieved by patients receiving nifedipine than by those receiving placebo 
(421 ± 121 versus 353 ± 155 seconds, respectively; p less than 0.05). Time to 
greater than or equal to 1 mm ST depression was significantly greater with 
nifedipine (282 ± 146 seconds) than at baseline (130 ± 72 seconds, p less than 
0.003) and with placebo (150 ± 98 seconds, p less than 0.0005). During ambu- 
latory electrocardiographic monitoring, nifedipine reduced both the total num- 
ber of ischaemic episodes (18 versus 54 at baseline and 63 with placebo; p less 
than 0.02 for both) and the total duration of ischaemia (260 versus 874 at base- 
line and 927 minutes with placebo; p less than 0.02 for both). The surge of 
ischaemia between 06:00 and 12:00 noted at baseline and during placebo ther- 
apy was nearly abolished during nifedipine treatment. Nifedipine at this 
dosage, administered in this manner, was effective in reducing total ischaemic 
activity and prevented morning surges of ischaemic episodes. 

Similarly, prolonged treatment during three weeks with nisoldipine at the 
dose of 10 mg/once daily produced a marked reduction of the duration of 
episodes with the most remarkable reduction in the early morning hours [96] . 
In those earliest studies, the long acting agents such as nisoldipine and 
amlodipine were efficient when administered once daily, when the short acting 
nifedipine was given three times daily. 
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Angina caused by coronary spasm: vasospastic angina 

Vasospastic angina, also termed variant angina is a clinical entity characterized 
by angina crisis occurring predominantly at rest and associated with ST-seg- 
ment elevation during the ischaemic episode (also named Prinzmetal’s variant 
angina). The significance of pain at rest associated with reversible ST-segment 
elevation has become somewhat ambiguous since the time of the original 
description, because the response to therapy and the clinical outcome among 
patients who share this clinical characteristic may likewise be quite varied. 
Angina pectoris at rest with preservation of excercise capacity has become the 
most meaningful definition of Prinzmetal’s variant angina as pointed out by 
Opie [81]. Frequently, angina at rest is confused with unstable angina which 
merges into pre-infarction angina and threatened myocardial infarction. Both 
angina at rest and unstable angina are marked by spontaneous anginal pain at 
rest not evoked by any known external factor. Yet it is particularly important to 
distinguish angina at rest with short-lived episodes of chest pain usually less 
than 15 minutes from the longer lasting and much more serious attacks of true 
pre-infarction unstable angina. Ergonovine has been used as a diagnostic agent 
to provoke coronary artery spasm. Coronary angiography has revealed that a 
small dose of ergonovine given to patients with variant angina usually pro- 
duced focal spasm caused by segmental abnormalities of the coronary artery 
[65] There are regional distribution of the sensitivity to ergonovine in patients 
with variant angina, the various regions of the coronary epicardial vessels pre- 
senting a different degree in responsiveness to ergonovine [85, 86, 124]. 

Clinical trials have been designed to test the action of diltiazem, nifedipine 
and verapamil in Prinzmetal’s variant angina. In a randomized, double-blind 
crossover design, it was observed that diltiazem at a dosage of 240 mg daily 
decreased the frequency of episodes of variant angina and the number of nitro- 
glycerin tablets required for pain relief, and increased the percentage of pain- 
free days compared with placebo [98, 99]. Similarly, Pepine et al. [91] found 
from angina diaries during a controlled two-week crossover trial that daily 
episodes of angina at rest decreased from 1.73 episodes with placebo to 0.3 
episodes with diltiazem 120 mg daily and to 0.16 episodes with diltiazem 
240 mg daily (p < 0.05). Similar decreases in nitroglycerin consumption were 
observed. In a multicenter clinical trial Schroeder et al. [107] also noted a 
dose-dependent decrease in anginal frequency and nitroglycerin consumption, 
although the magnitude of response was less than that observed in earlier stud- 
ies. Tilmant et al. [131] reported that diltiazem (360 mg daily) abolished all 
spontaneous episodes of variant angina, although six of the 11 patients still 
developed vasospasm in response to ergonovine challenge. Waters et al. [135] 
had similarly observed that an ergonovine challenge could still provoke spasm 
in 16 of 27 patients pretreated with diltiazem 120 mg every eight hours, but 
that in 11 of theses 16 patients the dosage of ergonovine required to provoke 
vasospasm was much higher than that necessary when the patient was not 
treated with diltiazem. Variant angina occurred during none of the 30 treatment 
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periods associated with a negative ergonovine test. These controlled studies 
illustrate the clinical efficacy of calcium antagonists in the treatment of vari- 
ant angina. There are numerous confirmations, few of them are reported below. 
With a historical pre-treatment period as a baseline, Schroeder et al. [109] 
observed that prolonged treatment with diltiazem (mean daily dosage 270 mg, 
mean follow-up 19.6 months) decreased anginal frequency by 94% and 
decreased the incidence of cardiovascular events (myocardial infarction, sud- 
den death or hospitalization to rule out myocardial infarction) by 91% in 
patients with variant angina. Previtali et al. [94] performed a double-blind, 
placebo controlled crossover trial comparing nifedipine (10 to 20 mg every 
four hours) with placebo in 14 patients with frequent angina at rest and ST-seg- 
ment anomaly. Most of these patients probably had Prinzmetal’s variant angi- 
na, although some others could suffer from unstable angina. In 13 patients, 
reversible ST- segment elevation was observed during angina at rest and an 
ergonovine challenge provoked vasospasm in seven of eight patients in whom 
the test was performed. The authors have observed that nifedipine produced a 
highly significant decrease in the mean daily number of episodes of myocar- 
dial ischaemia compared with results of placebo (mean 1.1 episodes/48 hours 
versus 20.9 episodes/48 hours, respectively, p < 0.02). Schick et al. [106] with- 
drew nifedipine therapy from 38 patients with Prinzmetal’s variant angina in a 
randomized, placebo-controlled, double-blind manner. They reported that 
those patients randomized to placebo treatment experienced a significant 
increase in their angina episodes compared with the number observed during 
active therapy (increase of 2.8 episodes/week, p < 0.003), as well as an 
increase in nitroglycerin usage (increase of 0.5 tablets/week, p < 0.03). The 
randomized phase was terminated prematurely because of intolerable increas- 
es in angina frequency in seven to 19 patients taking placebo and only one of 
19 patients taking nifedipine (p = 0.02). Double-blind therapy was considered 
to be effective in 16 out of 19 patients receiving nifedipine compared with only 
three out of 19 receiving placebo (p < 0.001). 

Parodi et al. [89] treated 12 patients with frequent episodes of resting 
ischaemia associated with reversible ST-segment deviation with verapamil, 
most of whom manifested evidence of variant angina. Six of the patients 
exhibited ST-segment elevation with pain at rest. Six patients also underwent 
coronary angiography during an episode of angina and demonstrated coronary 
vasospasm in the coronary artery subserving the area of ST-segment change. 
Oral verapamil (480 mg daily) significantly decreased episodes of ischaemia 
regardless of whether the ST-segment became elevated or depressed during 
ischaemia, or whether or not symptoms of angina accompanied the ST-seg- 
ment deviation. The total number of ischaemic episodes in a 48 hours period 
was decreased from 126 during placebo therapy to 24 during verapamil thera- 
py (p < 0.003). In another study, the long-term response to verapamil therapy 
has been evaluated in 16 patients using a titrated dosage schedule (mean oral 
dosage 415 mg daily, range 240 to 480) and an eight-month, double-blind 
crossover design [47] . During treatment with verapamil, the frequency of angi- 
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nal episodes per week decreased when compared with that observed during 
placebo treatment (from 12.6 to 1.7 episodes, p <0.01) as did weekly nitro- 
glycerin consumption (from 14.4 to 2.1 tablets, p < 0.05). The number of daily 
episodes of ST-segment deviation also was significantly decreased during ver- 
apamil therapy (from 33.1 to 7.7 episodes, p<0.01). No major side-effects 
were observed. 



Unstable angina and acute myocardial infarction 

Unstable angina is a syndrome intermediate in severity between stable angina 
and myocardial infarction. According to Braunwald [13] unstable angina is a 
clinical syndrome, analogous to hypertension; it is not a specific disease, such 
as pneumococcal pneumonia. Unstable angina is commonly classified by use 
of simple clinical descriptors, such as the presence or absence of ischaemic 
chest discomfort at rest, as well as ECG changes and biochemical markers of 
myocardial injury during and after ischaemic episodes. Although these clinical 
descriptors are helpful in estimating prognosis and are used widely in deter- 
mining the intensity of treatment, they provide little information regarding the 
cause of the syndrome. Causes of unstable angina, which are not mutually 
exclusive, some patients having two or more causes are the following: non- 
occlusive thrombus on pre-existing plaque, dynamic obstruction (coronary 
spasm or vasoconstriction), progressive mechanical obstruction, inflammation 
and/or infection, secondary unstable angina. 

Electrocardiographic signs are compatible with ischaemia but not directly 
with diagnostic of infarction. Both postmortem investigations of coronary 
artery and coronary angiographies have given information on the coronary 
changes that cause instability in coronary artery disease and are responsible for 
unstable angina. It is agreed that the basic lesion in coronary artery disease is 
a slow deposition of atheromatous material leading to hardening or thickening 
of the arterial wall [51]. In the hard atherosclerotic arterial wall, a fissure or 
ulceration may suddenly develop without any warning or recognized trigger- 
ing factor. This lesion will result in an intramural haemorrhage as well as an 
adhesion and aggregation of platelets as these become exposed to collagen in 
the vessel wall. The resulting platelet plug causes a further reduction of the 
coronary flow. This evolution may result in a definite occlusion of the vessels 
with a Q-wave myocardial infarction. In view of the complexity and of the 
crescendo of the pathology, the classical therapy includes bed rest and heart 
rate sedation in the case sub-endocardial (non Q-wave infarction) in which 
case there is no complete cessation of blood flow. It is agreed that patients, 
which in spite of medical therapy, still suffer from severe symptoms after two 
to four days, require investigation for emergency PTCA or surgery. 
Thrombolytic therapy and aspirin are also considered in such a case. Several 
trials have attempted to define the role of calcium antagonists. Some are sum- 
marized below. 
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Diltiazem : In early non-controlled trials of angina at rest, diltiazem has been 
effective in preventing episodes of resting pain [75, 138], although efficacy 
appeared to be greater in patients whose pain was accompanied by ST- segment 
elevation due perhaps to Prinzmetal’s variant angina [75]. Andre-Fouet et al. 
[3] evaluated the response to diltiazem or propranolol therapy in 70 patients 
with unstable angina, defined as of recent (<1 month) appearance or aggrava- 
tion of angina at rest; 24 patients (34%) had only angina at rest; the remaining 
46 patients experienced angina both with exertion and at rest. Patients were 
divided into those who developed ST- segment elevation during pain [29] and 
those who developed ST-segment depression or T inversion during pain [41]. 
Therapy was then randomly assigned to each group to either diltiazem or pro- 
pranolol in maximally tolerated dosages. Both diltiazem (mean daily dosage 
282 mg) and propranolol (mean daily dosage 158 mg) evoked a 60% to 85% 
decrease in the frequency of daily angina episodes in the entire group of 
patients. Among the subset of patients who manifested only angina at rest 
without exertional angina, diltiazem treatment caused a 83% decrease in 
episodes of angina (p < 0,001), whereas propranolol had no therapeutic effect 
at all. This latter subgroup probably represents patients with Prinzmetal’s vari- 
ant angina in whom it is known that calcium antagonists, but no (3-blockers, 
can prevent episodes of coronary vasospasm. 

Theroux et al. [130] have reported the results of a randomized trial com- 
paring diltiazem and propranolol in the treatment of unstable angina, in which 
patients with Prinzmetal’s variant angina, defined as ST-segment elevation 
accompanying angina at rest, were distinctly excluded. Both diltiazem and 
propranolol decreased the daily frequency of angina by about 65% (p < 0,05 
for each drug compared with baseline, difference not significant between the 
two treatments). During long-term follow-up (mean 5.1 months), the clinical 
outcome was similar for the calcium antagonist and the (3-blocker treatment 
regimens (death 4%, development of infarction 10%, coronary artery bypass 
grafting 40% and angina 32%). This suggested that coronary artery spasm 
alone might not be the main factor determining the outcome in unstable angi- 
na when patients with Prinzmetal’s variant angina are excluded. If vasospasm 
had been the principal pathophysiologic mechanism of unstable angina, then 
one would anticipate that effective treatment of vasospasm with diltiazem 
would favorably alter the outcome compared with the outcome in the patients 
treated with propranolol, which does not treat the vasospasm. 

Nifedipine : Early uncontrolled studies [8, 44, 72, 113, 121] reported that the 
addition of nifedipine therapy in patients with unstable angina refractory to 
|3-blockers and nitrates was associated with a dramatic decrease in the fre- 
quency of angina at rest. The role of nifedipine in the management of unstable 
angina has become clearer from the results of carefully designed clinical trials. 
For instance, Muller et al. [73] studied 126 patients with unstable angina who 
had initial therapy with either nifedipine or conventional therapy ((3-blockers 
and nitrates), each in maximally-tolerated doses. There was no significant dif- 
ference between the two groups in time to relief of pain, decrease in daily angi- 
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nal frequency or daily nitroglycerin consumption, development of myocardial 
infarction or six-month mortality. However, among the 67 patients who were 
taking propranolol when they presented to the hospital, symptoms were more 
readily controlled when nifedipine was added to the regimen than when more 
propranolol was added. Conversely, among the other 59 patients who were tak- 
ing nifedipine, treatment with propranolol and a nitrate led to rapid pain relief, 
very likely because nifedipine, as monotherapy, was associated with a reflex 
tachycardia increasing oxygen myocardial demand, this indicates that from 
earliest studies, the major side-effect of nifedipine on myocardial oxygen 
demand was already identified. The role of nifedipine in the treatment of 
patients with unstable angina refractory to maximal (3-blockers and nitrate 
therapy is obvious from several studies. For instance, Gerstenblith et al. [30] 
have added nifedipine or placebo to the maximally-tolerated combination of 
(3-blocker and nitrates in a randomized double-blind manner. They observed 
that the 68 patients who received nifedipine experienced a significant decrease 
in the symptoms of myocardial ischaemia compared with the 70 patients who 
received placebo. The magnitude of benefit was most marked among patients 
who manifested ST- segment elevation accompanying their angina, perhaps 
patients whose ischaemia was due to vasospasm. Despite the significant bene- 
fit in control of symptoms associated with nifedipine therapy, they observed no 
benefit in the occurence of sudden death or of myocardial infarction in either 
treatment group over a four-month follow-up (18% in nifedipine group, 20% 
in placebo group). Thus, nifedipine therapy improved symptoms of ischaemia 
in patients with unstable angina, especially those concomitantly treated with a 
(3-blocker [34, 73], and also improved left ventricular performance because of 
its afterload reducing properties. However, it did not appear to influence the 
incidence of subsequent infarction or death [8, 84, 134]. Early symptomatic 
response to nifedipine did not appear to predict a decreased incidence of car- 
diac events. 

Verapamil : In several studies, verapamil has been found to be effective as 
monotherapy in significantly decreasing episodes of ischaemia at rest associ- 
ated with ST- segment elevation, depression or T wave inversion [7, 16, 66, 89, 
90], although in theses studies the distinction was not obvious between 
patients with Prinzmetal’s variant angina due to vasospasm and patients with 
unstable angina, which may be due to abnormalities in the atherosclerotic 
plaque or thrombus formation. As far as concerned the long-term efficacy of 
verapamil therapy for unstable angina, several studies have shown (see for 
instance Scheidt et al. [105]) that symptomatic improvement was generally 
well maintained for period of over a year, the incidence of infarction was 
about 12% and of death about 8%. These results are remarkably similar to the 
outcome of patients with unstable angina treated with nifedipine [30, 73], and 
those treated with the older conventional therapy of (3-blockers and nitrates 
alone. It must be recognised that despite their potent action as antianginal 
agents, calcium antagonists of the first generation, including verapamil, 
nifedipine and diltiazem, were not demonstrated clearly to be efficient in 
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acute myocardial infarction. However, in two trials [31, 45] from Gibson et al. 
(1986) and the Danish Study Group (DAVIT II, 1990), one with diltiazem, 
and the other with verapamil, patients with non Q-wave myocardial infarction 
and patients with myocardial infarction showed a reduced mortality [31, 32, 
45]. Nevertheless, calcium antagonists are not recommended in myocardial 
infarction. 



Iatrogenic ischaemia 

Iatrogenic ischaemia may be considered as a cardiac ischaemic state evoked by 
medical or surgical maneuvers, for instance coronary artery bypass graft sur- 
gery (CABG). CABG, the most common cardiac surgical procedure, reduces 
morbidity and mortality from coronary artery disease [138a]. However, cardiac 
surgery remains associated with significant complications, including death, 
myocardial infarction (MI), neurocognitive dysfunction, and acute renal fail- 
ure. The perioperative phase in patients undergoing coronary artery bypass 
graft surgery represents a very critical period. Despite improvement of anes- 
thesia and of surgical techniques, incidence of perioperative myocardial 
ischaemia, such as myocardial infarction or transient myocardial ischaemia is 
relatively high. Strategies that reduce these events should therefore improve 
overall outcomes. Several authors have reported that the addition of nifedipine 
to cardioplegic solution reduced the incidence of myocardial damage. In a ran- 
domized study, Seitelberger et al. [Ill, 112] have divided patients in a group 
receiving continuous nifedipine infusion (10 pg/kg/hr) from the onset of extra 
corporal circulation until 24 hours after aortic cross-clamp time. During the 
same period of time, patients assigned to the control group had continuous 
nitroglycerin infusion (1 pg/kg/min). The authors have increased the infusion 
rate in both groups in case of postoperative hypertension. Plasma levels of 
nifedipine assessed 12 hours after the onset and before the end of the infusion 
were comprised between 15 and 33 ng/ml, corresponding to concentration 
ranging between 1CT 7 and 1CT 8 M. Major ischaemic events were significantly 
reduced by nifedipine, which however had no influence on arrhythmias. There 
was a significant difference in the serum levels of the cardiospecific enzyme 
CK-MB between nifedipine and control groups. The increase in the CK-MB 
levels during the first 4-6 hours after aortic cross-clamp time in both groups 
indicate a comparable extent of myocardial necrosis due to the surgical proce- 
dure itself. However, marked differences in CK-MB levels were observed dur- 
ing period of 36 hours after aortic cross-clamp time. The authors had previ- 
ously published observations based on nifedipine treatment started at 2 hours 
after the onset of the reperfusion period showing a less efficient action of 
nifedipine. 

In recent meta-analysis, Wijeysundera et al. [136] have reconsidered the use 
of CCBs in cardiac surgery. Out of the potential 1,813 studies, they eventual- 
ly selected 41 studies for their meta- analysis. Of these, 28 studies related to 
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intraoperative complications or those occurring during the first postoperative 
day. Other studies were for longer periods. Approximately one-half were given 
DHP therapy, mostly intravenous nifedipine or nicardipine; the rest were given 
either diltiazem or verapamil. They sought to determine the efficacy of calci- 
um antagonists in reducing death, myocardial infarction (MI), ischaemia, and 
supraventricular tachyarrhythmia (SVT) after cardiac surgery. Their analysis 
showed that calcium antagonists significantly reduced MI (odds ratio [OR] 
0.58, 95% confidence interval [Cl] 0.37 to 0.91; p = 0.02) and ischaemia (OR 
0.53, 95% Cl 0.39 to 0.72; p< 0.001). Non-dihydropyridines significantly 
reduced SVT (OR 0.62, 95% Cl 0.41 to 0.93; p = 0.02). Calcium antagonists 
were associated with trends toward decreased mortality during aorto-coronary 
bypass (OR 0.66, 95% Cl 0.26 to 1.70, p = 0.4). 

This meta- analysis has been carefully analyzed by Opie [79] who conclud- 
ed that this surgical study fits into a general pattern: CCBs have anti-ischaemic 
properties for which they can safely be used, without there being sufficient 
long-term hard outcome data to be sure of effects on mortality. Nevertheless, 
Lionel Opie notes; ‘the specific message of the present meta-analysis is quite 
clear: CCBs may be safer and have more benefit in cardiac surgery than often 
supposed’. As this will be examined later, ALLHAT [29] and major meta- 
analyses of outcome when CCBs were used for hypertension, all agree that 
there were no differences in major cardiac events or total mortality when 
CCBs were compared with conventional therapy by diuretics and/or beta- 
blockers. 

This study is in agreement with data obtained from the trial named 
CAPARES. The Coronary Angioplasty Amlodipine Restenosis (CAPARES) 
Study was to investigate the effect of amlodipine on restenosis and clinical 
outcome in patients undergoing percutaneous transluminal coronary angio- 
plasty (PTCA). In a prospective, double-blind design, 635 patients were ran- 
domized to 10 mg of amlodipine or placebo. Pre-treatment with the study drug 
started two weeks before PTCA and continued until four months after PTCA. 
The primary angiographic end-point was loss in minimal lumen diameter 
(MLD) from post-PTCA to follow-up, as assessed by quantitative coronary 
angiography (QCA). Clinical end-points were death, myocardial infarction, 
coronary artery bypass graft surgery and repeat PTCA (major adverse clinical 
events). There were no differences in clinical and angiographic baseline char- 
acteristics between the treatment groups. Ischaemia and angina were equally 
distributed before PTCA. Amlodipine therapy starting two weeks before 
PTCA did not reduce luminal loss, but the incidence of repeat PTCA and the 
composite major adverse clinical events were significantly reduced during the 
four-month follow-up period after PTCA with amlodipine as compared with 
placebo. Despite the fact that no difference in restenosis was found between 
the groups at follow-up, the incidence of angina was significantly lower in the 
amlodipine group compared with the placebo group both early and late after 
PTCA (P = .04 and .03). Exercise-induced ischaemia was reduced by 40% 
(P = .009) early and 34% (P = .02) late after PTCA in the amlodipine group, 
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and ischaemia on ambulatory electrocardiography was reduced by 18% early 
and 28% late after PTCA compared with placebo (P = .06 and P = .009). 
Therefore, ischaemia and angina occurred after successful PTCA, but they 
were significantly reduced by amlodipine. [48, 49, 129]. 

These two studies are consistent with experimental data showing that CCBs 
are highly efficient when given before the ischaemic insult [33, 110]. 



Calcium antagonists in cardiac arrhythmias 

In vitro studies have documented the action of calcium antagonist on impulse 
generation and conduction on the heart. Electrophysiological studies have dif- 
ferentiated the properties of L, N and T calcium currents and their relative sen- 
sitivity to various blocking molecules (see above Ca channel selectivity, page 
114 [20]). Differences in action potentials according to the different anatomi- 
cal regions of the heart are classical observations [33]. Atrial node and A-V 
node permeability changes during the action potential are marked for Ca and 
K. In atrium, Purkinje tissue and ventricles, permeability changes involve also 
marked changes in Na permeability. It may therefore be anticipated that S-A 
node and A-V node have the highest sensitivity to calcium channel blockade. 
This is particularly obvious with verapamil, which blocks K and Ca-channels 
within a same range of concentrations [35]. 

Arrhythmias may arise consecutively to abnormal impulse generation, 
abnormal conduction or both. The activity of the sinus node, the A-V node and 
the Purkinje tissue can be altered by autonomic activity. At the sinus node 
level, increased vagal activity can slow sinus node pacemakers by increasing 
potassium conductance. Gene-knockout experiments in mice have shown that 
Ca v 1.3 channels control sino-atrial node automaticity [63, 125]. Together with 
T-type Ca v 3 channels, they could contribute to cardiac pace maker function in 
human being, a hypothesis which still requires verification. The sympathetic 
system exerts opposite effects by accelerating the rate of phase 4 depolariza- 
tion (pacemaker current). Impulse initiation by subsidiary pacemakers may 
arise in case of slowing or impairment of the dominant pacemaker. Augmented 
automaticity in the His Purkinje system is a common cause of arrhythmias. 

Abnormal automaticity is a term used to refer to spontaneous diastolic 
depolarization that occurs at low (depolarized) level of membrane potentials in 
a cell that normally has a high level of membrane potential during diastole. 
Purkinje fibers, atrial and ventricular cells can show spontaneous diastolic 
depolarization and repetitive firing when the membrane potential is brought 
about to -60 mV. The ionic mechanisms involve alterations in calcium con- 
ductances. Altered extracellular conditions (acidosis, elevated extracellular K 
concentration, decreased p02 etc.) may induce heterogeneous action potential 
duration and lead to different levels of excitability in neighboring cells. Some 
depolarized cells are able to generate pacemaker and re-excite the cells recov- 
ering from refractory period and initiate an extrasystolic beat. Myocardial 
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ischaemia, which shortens action potential duration, is a typical example of sit- 
uations allowing such focal reexcitations that may be responsible for conduc- 
tion disturbances. Furthermore, in ischaemic areas increased intracellular Na 
concentration and decreased intracellular K concentration cause partial depo- 
larization in resting cells and slow Na channel reactivation favoring slow Ca 
currents. The slow depolarizing rate is responsible for decrement slowing of 
conduction velocity. Conduction blocks can occur in different regions of the 
heart (sinus node, A-V node, His Purkinje system, contractile myocardium) 
and play an essential role in the development of re-entrant pathways. The 
re-entry mechanism is usually involved in the occurrence of premature beats 
and ventricular tachycardia. To be initiated, both unidirectional block of con- 
duction and slow conduction must occur. An anatomical and functional barri- 
er may exist and form a circuit. Arrhythmias that result from such circus move- 
ments are self- sustained but are not self-initiated. They can be initiated by a 
single premature stimulus. 

In 1971, Schamroth [102, 103] observed that verapamil (that was at that 
time considered as a (3-blocker [115]) exhibited powerful antiarrhythmic 
action by reducing the ventricular rate in atrial fibrillation. This has stimulat- 
ed interest for this drug and for the other agents also ranged later in Class IV 
antiarrhythmic s [116]. If verapamil and diltiazem appear to be powerful 
antiarrhythmic agents in vivo , this is not the case for dihydropyridines, which 
usually evoke reflex tachycardia. Increase in sympathetic tone could over- 
come a slight negative chronotropic effect due to dihydropyridines. However, 
their lack of antiarrhythmic action might be due to their molecular interaction 
with cardiac calcium channels, which, as shown by in vitro studies, differs 
from the interaction achieved with verapamil and diltiazem. Blockade of cur- 
rents by verapamil and diltiazem is increased when the frequency of stimula- 
tion is increased. This blocking action seems to be due to the fact that these 
charged drugs may reach their binding site, located at the intracellular site of 
Ca channels, when the channels are open. Dihydropyridine receptors are ori- 
ented extracellularly, their binding does not increase with repetitive fixing but 
only after long lasting depolarizing stimuli which evoke inactivation of Ca 
channels [35]. 

The action of verapamil and diltiazem has been well documented in 
supraventricular tachycardia (Tab. 1, modified from [74]). Intravenous vera- 
pamil is efficient in nearly 100% of trials for the acute conversion of re-entrant 
supraventricular tachycardia. Diltiazem is efficient in 80% of trials. Those per- 
centages may be compared with 40 to 50% in the case of cardiac glycosides 
and of propranolol. However, chronic prophylaxis of paroxysmal supraven- 
tricular tachycardia with verapamil given per os (80 to 120 mg TID) has not 
been quite convincing [74]. 

In atrial fibrillation, intravenous injection of verapamil and diltiazem pro- 
duces a reduction in the ventricular response and may tend to regularize the 
ventricular response [104]. It could diminish the amplitude of the fibrillatory 
waves and may uncommonly effect a conversion to sinus rhythm. The reduc- 
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Table 1 . Clinical electrophysiologic effects of calcium antagonists modified from [74] 
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b Effects of gallopamil and tiapamil are similar to those of verapamil. 
c Prolonged in sick sinus syndrome. 



tion in ventricular response is greatest in those patients with highest pre-treat- 
ments rate: the higher the pre-treatment rate, the greater the ensuing reduction 
in the ventricular response [104]). The reduction is additive to digitalis effect, 
an observation confirmed by several authors. The combination of verapamil 
(40 mg, three times daily) with digoxin (0.25 mg daily) is superior to digoxin 
alone [93]. It has been proposed that not only the calcium channel blocking 
action but also the sympatholytic properties are responsible for such beneficial 
effect of the combination. 

Verapamil and diltiazem should not be given to patients in whom atrial fib- 
rillation or flutter complicate the Wolff-Parkinson- White syndrome with 
anterograde conduction over the bypass tracts: indeed, in the presence of 
anomalous bundle, verapamil and diltiazem may accelerate the ventricular 
response. 



Calcium antagonists in hypertension 

The prevalence of hypertension in the human population is between 20% and 
25%. Calcium antagonists are among the several drugs used to treat the dis- 
ease. As pointed out by Zanchetti [140], the greater advantage of having a large 
spectrum of antihypertensive drugs available is that this choice makes it pos- 
sible to find the most available agent for the individual patient. In clinical prac- 
tice, the choice of a drug should be seen as tentative, to be confirmed, correct- 




From early clinical studies to randomized controlled clinical trials 



217 



ed or abandoned on the basis of the patient’s response. Most aspects of a 
patient response are susceptible to clinical evaluation that is based not only on 
the blood pressure reduction, but on subjective and metabolic adverse effects 
and on the prevention of secondary cardiovascular changes. Evaluation of anti- 
hypertensive therapy has been made possible in large multicenter clinical tri- 
als such as ALLHAT [29]. 

Calcium antagonists have been proposed as antihypertensive drugs on the 
basis of their potent vasorelaxant properties. In vivo , they appear to act main- 
ly on the arterial bed. They reduce the vascular resistance and evoke a fall in 
systolic and diastolic blood pressure. As was shown above (see page 136), they 
do preferentially dilate specific vascular beds. They evoke a much greater 
reduction in blood pressure in patients with essential hypertension than in nor- 
motensive subjects [52, 54, 55]. In hypertensive subjects, there is a significant 
correlation between pre-treatment blood pressure and the percentage fall in 
blood pressure after nifedipine, indicating that the effectiveness of the drug 
increases with higher pre-treatment levels of blood pressure. A similar obser- 
vation has been reported with other calcium antagonists including verapamil, 
nitrendipine, diltiazem, tiapamil and isradipine but not with propranolol or 
captopril [15]. Animal studies have shown that the vessels of hypertensives 
have a higher affinity for CCBs than vessels of normotensives (see above, page 
151). A higher vessel affinity for CCBs might be responsible for the higher 
effectiveness in hypertensive than in normotensive subjects. 

The fall in blood pressure has been correlated with age, as shown in sever- 
al but not all responses [39]. Such diversity in opinions may be related to vari- 
ations in responsiveness among individuals, which also makes difficult the 
observation of the relation between dosage regimen and response, when stud- 
ied in a population. Clinical trials of diltiazem showed that in some cases, the 
percentage of responders might just reach 50% [14]. This could be due to a too 
low dosage. Indeed, when single patients are examined, the relation between 
dose (or blood level) and reduction in blood pressure is obvious (Fig. 5) [39]. 
According to some authors [15], the fall in blood pressure after calcium antag- 
onists is inversely correlated with plasma renin activity and their efficacy in 
patients with low renin activity is likely one of the determinants for their action 
in patients whose hypertension is insensitive to beta-blockers. 

In contrast to a pronounced arteriolar effect, no haemodynamically signifi- 
cant venous relaxation has been found after calcium antagonists. This is con- 
sistent with an absence of orthostatic hypotension in patients treated with those 
drugs. Arteriolar vasodilators such as hydralazine evoke a sustained stimulation 
of renin secretion [34]. The interaction of calcium antagonists with the renin- 
angiotensin system is complex, as observed in animal experiments discussed 
above (page 185). According to some authors [4, 95], CCBs evoked only a tran- 
sitory increase in renin secretion, which returned to normal values when the 
administration was continued. Millar et al. [68] have shown that nifedipine 
inhibited in humans angiotensin-II induced aldosterone secretion. Another 
interesting difference between calcium antagonist and arteriolar vasodilators 
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Figure 5. Average supine blood pressure in 20 patients while receiving placebo, then receiving two 
sequential dosage levels of PN 200-110 (isradipine); modified from [40]. 



used to treat hypertension is their contrasting effect on renal electrolyte and 
water excretion. It has been demonstrated several times that the decrease of 
blood pressure by hydralazine, minoxidil or diazoxide is associated with water 
and sodium retention, which offset their antihypertensive action. By contrast, 
calcium antagonists have a natriuretic effect. This action is greater in patients 
with high blood pressure than in normotensive ones. This action has been 
shown to occur without substantial alteration in renal plasma flow or in 
glomerular filtration rate [56, 142]. This natriuretic action may justify the use 
of calcium antagonists in monotherapy of hypertension. It is masked after pro- 
longed treatment but may be revealed by a fall in natriuresis observed after cal- 
cium antagonist withdrawal. Experimental studies have shown that calcium 
antagonists inhibit renal tubular reabsorption of water and sodium in the distal 
tubule and collecting duct and that potassium metabolism is unaffected. 

Using continuous 24-hour blood pressure monitoring, it has been observed 
that circadian variation of systolic and diastolic blood pressure persisted dur- 
ing treatment with calcium antagonists. 
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Long-term administration of calcium antagonists to spontaneously hyper- 
tensive rats protects the heart against pathological remodeling and is also able 
to induce substantial regression of established left ventricular hypertrophy and 
to improve cardiac function. Regression or prevention of hypertrophy was ini- 
tially attributed to normalization of blood pressure and left ventricular systolic 
load. As discussed above (see the Chapter entitled: ‘Blood pressure-independ- 
ent effects of calcium antagonists), even if the role of blood pressure reduction 
in protection against end organ damage appears indisputable, experimental data 
strongly suggest that additional mechanisms, unrelated to this haemodynamic 
action, could contribute to the tissue protective effects of calcium antagonists. 
A similar hypothesis has been advocated in the case of ACE inhibitors. The 
beneficial effects of cardiac antagonists might involve several mechanisms 
including reduction of elevated blood pressure, blunting of ’’hypertrophic 
genes” activation in myocardial and vascular cells as a consequence of long- 
term inhibition of Ca entry, protection against renal damage and the subsequent 
activation of the RAS, and, possibly, reduction of oxidative stress in cardio- 
vascular tissues. These two latter mechanisms of action take a variable part in 
the cardiovascular protection evoked by individual CCBs. Prevention of RAS 
activation by low doses of long-acting CCBs results in beneficial anti-remod- 
eling effects, which are also associated with the use of ACE inhibitors or of 
Ang II receptor blockers. However, the cardioprotective effect of long-acting 
CCBs at high doses might be blunted by their capacity to promote renin secre- 
tion by the kidney, independently of their nephroprotective action. 

Cardiac hypertrophy is a long-term response of the heart submitted to an 
increased hemodynamic burden. The increase in mass is due to the hypertro- 
phy of existing myocytes rather than to hyperplasia. Physiological cardiac 
hypertrophy occurs during pregnancy and in trained athletes, and it meets the 
requirement for increased stroke volume and cardiac output arising in these 
particular circumstances. Thus, an increase in left ventricular (LV) mass by 
itself does not result in muscle dysfunction. In response to pressure overload 
in conditions such as hypertension, the parallel addition of sarcomeres causes 
an increase in myocyte width, which in turn increases wall thickness. When 
both thickness and mass increase, the resulting remodeling is concentric 
hypertrophy (increase in ratio of wall thickness/chamber dimension). Under 
prolonged pathological stress, LV hypertrophy is followed by maladaptive 
changes, including interstitial fibrosis, contractile dysfunction, altered gene 
expression pattern and changes in energy metabolism, which could lead to 
abnormal electrophysiological properties and heart failure. Thus, although car- 
diac hypertrophy in itself may be considered as a compensatory event, it is also 
part of a pathological process that triggers the onset of heart failure. 

In an early meta-analysis of antihypertensive treatment trials, Dahlof et al. 
[18c] reported that ACE inhibitors reduced LV more than CCBs or other treat- 
ments when induced BP reduction and baseline LV mass were taken into 
account. At that time, this opinion was in agreement with another study [18b] 
suggesting that 1,4-DHP CCBs had little effect on LV hypertrophy. However, 




220 



T. Godfraind 



more recent analyses found no difference between LV effects of ACE inhibitors 
and newer, long-acting CCBs [24a, 50b]. Quite recently, the prospective ran- 
domized enalapril study evaluating regression of ventricular enlargement 
(PRESERVE) trial showed that regimens based on once-daily administration of 
enalapril or long-acting nifedipine significantly reduced left ventricular mass 
index during 1 year of treatment, and that there was no significant difference 
between the two treatment regimens. The PRESERVE trial [21a] provides the 
largest prospective, randomized, double-blind study to date comparing cardiac 
effects of ACE inhibition and calcium channel blockade in patients with hyper- 
tensive LV hypertrophy. This trial was designed to test primarily the following 
hypothesis: antihypertensive treatment with enalapril induces greater regres- 
sion of LV hypertrophy than treatment with nifedipine by a prognostically 
meaningful amount on a population basis despite equivalent blood pressure 
reduction. Blinded treatment began with 10 mg enalapril or 30 mg nifedipine 
GITS (gastrointestinal treatment system) and matching placebo. During clinic 
visits over a 12-week titration phase, enalapril or nifedipine could be increased 
blindly to 20 mg or 60 mg, respectively, once daily. If maximum dose did not 
control BP, hydrochlorothiazide (25 mg) and then atenolol (25 mg) were rec- 
ommended. More enalapril-treated than nifedipine-treated patients required 
supplemental treatment with hydrochlorothiazide (59% versus 34%, P, 0.001) 
but not with atenolol (27% versus 22%, NS). The most important result of the 
study is that regimens based on once-daily administration of enalapril or long- 
acting nifedipine significantly reduced LV mass index and relative wall thick- 
ness during 1 year of treatment. LV mass index was reduced to the normal 
range in 56% of enalapril-treated patients and 48% of nifedipine-treated 
patients, with no significant difference in LV mass index between the two treat- 
ment regimens. 

The results of PRESERVE suggest that disappointing results in early stud- 
ies with 1,4-DHP CCBs may have been caused by side-effects that could have 
been predicted from physiological reflexes to acute fall of blood pression, 
including induction of volume overload and sympathetic activation. These 
deleterious effects are not associated with lower drug dosage regimens and 
with subsequently introduced longer- acting preparations. In line with conclu- 
sion from experimental studies, clinical studies indicate that excessive lower- 
ing of blood pressure might be detrimental in ischemic hypertensives by 
increasing the risk of myocardial infarction [18a]. In this therapeutic field, 
appropriate titration of dosage regimen need to be improved in order to gain 
the full beneficial action of CCBs. As pointed out by Frohlich [26a], well-con- 
trolled, and prospectively conducted multicenter clinical studies are still 
required in the field of hypertension. 



Calcium antagonists and atherosclerosis 

Experimental data 

Several studies have shown that raised plasma lipid levels constitute an impor- 
tant risk factor for arteries and clinical evidence suggests that sustained lipid- 
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lowering therapy can inhibit the progression of the disease. Clinical studies 
have been designed in order to examine if a similar clinical result could be 
achieved with calcium antagonists that do not influence plasma lipids levels. 
Rationale for those clinical trials came from experimental studies in animals. 
As this is reported by Tulenko et al. [133], atherosclerotic disease has been 
present in the human population apparently from the beginning of time. 
However, it has only been in the 20th century that improvements in the con- 
trol of infectious diseases have allowed the average life span to increase to the 
point where atherosclerosis has been able to affect the general population. By 
the middle of the 20th Century, atherosclerosis had reached epidemic levels, 
and it is currently pandemic and increasing worldwide. Current thinking holds 
that an unchecked chronic inflammatory process involving the cells of the 
arterial wall and their interaction with LDL and various inflammatory cells 
causes atherosclerosis. Considerable evidence suggests that the principal 
insults underlying atherogenesis are serum dyslipidemias and oxidative stress 
mediated primarily by oxidized LDL. At least two processes are involved in 
the initiation of the atherogenic cascade: an enhanced focal endothelial tran- 
scytosis of low-density lipoprotein that accumulates in the proteoglycan-rich 
subendothelial space is associated with the preferential recruitment of blood 
monocytes to the intima — a process that is augmented by even, short periods 
of hyperlipidemia. In lesion progression, cellular necrosis with lipid release 
from foam cells and lysosomal enzymes are important events because such 
release further modifies or injures the surrounding intimal cells and interstitial 
components and induces a second cascade of inflammatory responses within 
the arterial intima. The smooth muscle cell (SMC) membrane becomes 
enriched in unesterified cholesterol soon after the development of serum 
hypercholesterolemia. With excess membrane cholesterol, the membrane 
becomes thicker and develops distinct cholesterol domains. These alterations 
in the membrane increase the permeability of SMC to calcium and induce a 
variety of alterations in SMC function that contribute to cellular atherogenic 
processes during plaque genesis. Dzau and his colleagues have elegantly 
described the various steps involved in the atherosclerotic process [23]. They 
have shown how VSMC has a central role in the process. The alteration of 
smooth muscle function, associated with an increase in cell calcium is the 
background of search for a role of calcium antagonists. Among CCBs, dihy- 
dropyridines have been the most studied as antiatherogenic drugs devoid of 
action on the plasma levels of cholesterol. Their mechanisms of action may 
result from their anti-oxidant properties and their pharmacological actions 
including the reduction in vascular tone/vasospasm in coronary arteries and 
elsewhere, the inhibition of smooth muscle cell proliferation within the inti- 
ma, the inhibition of smooth muscle cell migration from the media to the inti- 
ma, the reduction in ischaemia-induced endothelial permeability and their 
interaction with the L-arginine-NO pathway. The initial molecular and cellu- 
lar events in atherogenesis are triggered by endothelial dysfunction, resulting 
in decreased nitric oxide production, increased cyclooxygenase activity and 
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inflammation [57]. The early inflammatory response to atherosclerosis is 
designed to be beneficial, yet often progresses with adverse consequences. 
Pro-inflammatory factors, such as oxidized low-density lipoprotein (LDL) 
and infectious agents, stimulate the release of cytokines from the diseased ves- 
sel and other peripheral sites. This process leads to the accumulation of 
mononuclear cells, migration and proliferation of smooth muscle cells, and 
formation of fibrous tissue that eventually results in the formation of the 
mature atherosclerotic plaque. As a number of these cellular and inflammato- 
ry processes are mediated by disruption in calcium homeostasis, this has 
prompted experimental studies on the potential role of CCBs as antiathero- 
genic agents [41]. This hypothesis has been extensively tested in a variety of 
cellular and animal models of atherosclerosis [64, 88]. 

Initially, studies were performed on animals fed high cholesterol diet, later 
with transgenic animals, which do not express proteins such as ApoE or LDL 
receptors, showing lesions which closely resemble the inflammatory-fibrous 
plaques seen in humans. The protective effect of drugs was tested with various 
methodologies, incuding morphological and physiological ones. A variety of 
animal models have been used to determine whether calcium channel blockers 
exert an inhibitory effect on atherosclerotic lesion formation. These models 
include the cholesterol-fed rabbit, in which the lesions resemble the fatty- 
streak stage of atherosclerotic lesion development in humans [22, 117, 118]. 
Diet-induced atherosclerosis in monkeys is also used and, in this case, the 
lesions resemble those found in humans, both in pathology and distribution. 
Other models involve mechanical injury superimposed on cholesterol feeding. 
Cellular and subcellular preparations are being used to investigate the mecha- 
nisms involved in the antiatherosclerotic activity of the calcium channel block- 
ers [12, 38, 60, 137]. The ability of calcium channel blockers to slow athero- 
sclerotic lesion formation is accompanied by a reduction in vessel wall cho- 
lesterol and calcium and this slowed calcium uptake is associated with restora- 
tion of endothelium-dependent relaxation. 

For instance the activity of the calcium antagonist lacidipine has been inves- 
tigated in hamsters fed an atherogenic diet containing 2% cholesterol and 5% 
butter. Animals were examined at 14, 20 and 24 weeks of treatment. At 14 
weeks, in hamsters fed the atherogenic diet and without lacidipine treatment, 
there were significant increases in serum levels of total cholesterol, triglyc- 
erides and lipoproteins; these values were approximately similar at week 24. 
Lacidipine treatment at 0.3, 1.0 and 3.0 mg/kg/d did not affect levels of serum 
cholesterol, triglycerides and lipoproteins. At 24 weeks, in hyperlipidemic 
hamsters fed the atherogenic diet, the area of the fatty streak in the aortic arch 
covered a mean area of 375 ± 145 p 2 x 100, which accounted for 2.7% of the 
total surface area of the aortic arch. In hamsters fed the atherogenic diet and 
treated with lacidipine at 0.3, 1.0 and 3.0 mg/kg, at 24 weeks, the surface area 
of the aortic arch lesion was significantly reduced by 41 to 71%. In the tho- 
racic aorta at 24 weeks, in lacidipine-treated animals, both the incidence and 
degree of severity of the lesions was reduced, the area of the fatty streak being 
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lowered by 78 to 97% in comparison with non-lacidipine-treated control ani- 
mals. Ultrastructural examination demonstrated that the early changes in the 
aorta in hamsters fed the atherogenic diet involved the intima and smooth mus- 
cle cells; lacidipine treatment reduced the severity of the intimal lesions sig- 
nificantly [17, 18]. Cristofori et al. [18] investigated the antiatherosclerotic 
potential of lacidipine in the apoE-deficient mouse, an experimental model of 
atherosclerosis showing progressively complex and widespread lesions, as 
already mentioned above, they closely resemble the inflammatory-fibrous 
plaques seen in humans. Lacidipine was administered daily by gavage for 10 
weeks at dose levels of 0 (control), 0.3, 1.0 and 3.0 mg/kg. The authors report- 
ed that lacidipine administration reduced the extension of atherosclerotic 
lesions in the aorta of the apoE-deficient mouse without affecting plasma lipid 
levels. They also showed that apoE-deficient mice have four-fold higher val- 
ues of the proatherogenic peptide, endothelin, compared with the wild-type 
C57BL/6 mouse and that lacidipine administration reduced, in a dose-depend- 
ent manner, the concentrations of plasma endothelin. 

Calcium antagonist drugs have also been reported to reverse the impairment 
in endothelium-dependent, nitric oxide (NO)-mediated vasorelaxation in 
hypercholesterolemic rabbits [6, 37]. Such an increase in NO availability may 
also attenuate the aforementioned early events in atherogenesis [69, 70]. 



Clinical studies 

Clinical trials such as INTACT performed in humans with predominantly mild 
coronary disease confirmed the inhibitory effect of nifedipine on the progres- 
sion of atherosclerosis found in animal experiment. In 1990, Lichtlen et al. [58, 
59] have designed a multicenter, placebo (PL)-controlled, randomized, double- 
blind study, to test the effect of 80 mg nifedipine (NIF) per day versus place- 
bo on the progression of mild coronary artery disease (CAD) (further develop- 
ment of existing stenoses, especially formation of new stenoses and occlu- 
sions) over a duration of three years. Progression of CAD was assessed by 
coronary angiograms performed at entrance and at completion of the study, 
using a computer-assisted analysis system (CAAS) to quantitate various steno- 
sis parameters (percent degree of stenosis and minimal stenosis diameter). Of 
the 425 patients enrolled, 348 (82%) underwent a second angiogram; 66 of 
them, however, terminated treatment prematurely after an average of 359 
(placebo) and 467 days (nifedipine). A total of 282 patients (148 on placebo, 
134 on nifedipine) completed the trial with full-length treatment. There were 
no differences between the two groups in the progression of the existing 
stenoses. Patients on nifedipine, however, demonstrated significantly fewer 
new lesions than those on placebo. In the 282 patients undergoing the full- 
length treatment, there were 73 patients on placebo (49%) with 118 new 
lesions (0.8/patient) and 54 patients on nifedipine (40%) with 78 new lesions 
(0.58/patient), a difference of -27% (p = 0.031 by Cochran’s linear trend test). 
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The difference was greatest in the left anterior descending branch, with 28 
patients on placebo developing 33 new lesions (0.22/patient), versus 16 
patients on nifedipine with 18 new lesions (0.13/patient) (-40%; p = 0.045), as 
well as in the left circumflex branch, where 34 patients on placebo exhibited 
39 new lesions (0.26/patient) versus 23 patients on nifedipine with 22 new 
lesions (0.16/patient) (-38%, p = 0.033). No differences were observed in the 
right coronary artery, the vessel with the highest number of existing and new 
lesions. Hence, INTACT confirmed the previous experimental studies and 
demonstrated a significant reduction in newly formed coronary lesions in 
patients on nifedipine when compared with those on placebo, especially in the 
presence of early coronary artery disease. In contrast, arteriograms showed no 
significant differences in the progression or regression of existing lesions over 
three years, once fibrosis and calcification have begun. Risk factors were sim- 
ilar in placebo and nifedipine group both at entry and after three years. During 
the period of this trial with two groups of patients which were well matched for 
age, sex and risk factors, no statistically significant differences were evident in 
the relative frequencies of non-fatal myocardial infarction, unstable angina and 
the need for revascularisation between the treated and untreated patients. 
However, experience gained from studies with lipid lowering procedure indi- 
cates that significant clinical advantage is unlikely to become apparent until 
treatment has been continued for five to seven years. Furthermore, the role of 
reduction of blood pressure on atherosclerosis was not evaluated by INTACT 
when nifedipine was studied against a placebo. This is not the case with 
MIDAS, a study comparing isradipine and hydrochlorothiazide [11]. The rate 
of progression of mean maximum intimal-medial thickness (IMT) in carotid 
arteries has been followed using quantitative B-mode ultrasound imaging, dur- 
ing antihypertensive therapy. This study was a randomized, double-blind, pos- 
itive-controlled trial performed in nine medical center clinics on a total of 883 
patients with baseline mean ± SD systolic and diastolic blood pressure (SBP 
and DBP, respectively) of 149.7 ± 16.6 and 96.5 ±5.1 mm Hg, age of 
58.5 ± 8.5 years, and maximum IMT of 1.17 ± 0.20 mm. They received twice 
daily doses of isradipine (2.5-5.0 mg) or hydrochlorothiazide (12.5-25 mg). 
The primary end point was the rate of progression of mean maximum IMT in 
12 carotid focal points over three years. The results show that there was no dif- 
ference in the rate of progression of mean maximum IMT between isradipine 
and hydrochlorothiazide over three years (P = .68). There was a higher inci- 
dence of major vascular events (e.g., myocardial infarction, stroke, congestive 
heart failure, angina, and sudden death) in isradipine (n = 25; 5.65%) versus 
hydrochlorothiazide (n = 14; 3.17%) (P = .07), and a significant increase in 
non-major vascular events and procedures (e.g., transient ischaemic attack, 
dysrhythmia, aortic valve replacement, and femoral popliteal bypass graft) in 
isradipine (n = 40; 9.05%) versus hydrochlorothiazide (n = 23; 5.22%) 
(P = .02). At 6 months, mean DBP decreased by 13.0 mm Hg in both groups, 
and mean SBP decreased by 19.5 mm Hg in hydrochlorothiazide and 16.0 mm 
Hg in isradipine (P = .002); the difference in SBP between the two groups per- 
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sisted throughout the study but did not explain the increased incidence of vas- 
cular events in patients treated with isradipine. The rate of progression of mean 
maximum IMT in carotid arteries, the surrogate end point in this study, did not 
differ between the two treatment groups. 

As pointed out above, long duration seems to be required in order to char- 
acterize an action of CCBs over other antihypertensive agents. A support to this 
hypothesis is provided by the Verapamil-Hypertension Atherosclerosis Study 
(VHAS) [97, 144]. In 498 hypertensive patients in eight Italian centers, ran- 
domized to either verapamil (240 mg once a day) or chlorthalidone (25 mg 
once a day), a B-mode ultrasound scan was performed according to a stan- 
dardized procedure at baseline and after 3, 12, 24, 36 and 48 months of treat- 
ment. The maximum intima-media thicknesses of the far walls of common, 
bifurcation and internal carotid arteries were measured bilaterally, and the fol- 
lowing indices calculated: the mean thickness at the six measured sites, the 
mean thickness at the common and bifurcation sites and the single maximum 
thickness. The primary endpoint for treatment efficacy was the slope of the 
change over four years (rate of change, mm/year), corrected by using the initial 
mean over the six sites (baseline + three months) as a covariate (mm/year per 
mm). The patients were also classified into three strata according to their base- 
line single maximum thickness: those with normal carotid arteries (single max- 
imum (1 mm)), those with thickened carotid arteries (single maximum >1 
and < or =1.5 mm), and those with carotid plaques (single maximum 
>1.5 mm). Among the 456 patients with satisfactory baseline ultrasound read- 
ings, 33% were classified with normal carotid arteries, 27% with thickened 
carotid arteries and 40% with plaques. In the intention-to-treat population (377 
patients with ultrasound measurements taken on at least three different occa- 
sions over a period of at least two years), the rate of change in the mean thick- 
ness at the six sites measured was rather small (0.015 mm/year), but signifi- 
cantly (P < 0.05) smaller in patients with plaques (0.003 mm/year) than in 
patients with thickened or with normal carotids (0.023 and 0.025 mm/year, 
respectively). When related to initial values, the rate of change in the mean 
thickness at the six sites had a negative slope (-0.059 mm/year per mm, 
P <0.01). Although rates of change in the carotid intima-media thickness in 
unstratified patients were not different in those treated with verapamil or with 
chlorthalidone, when changes in the mean thickness of six sites were related to 
the initial value, the slope of this relationship was significantly different in the 
two treatment groups (verapamil -0.082 versus chlorthalidone -0.037 mm/year 
per mm, P < 0.02). The blood pressure-lowering effect of the two randomized 
treatments was similar. Taking fatal and non-fatal, major and minor cardiovas- 
cular events together, there were 19 events in the verapamil group and 35 in the 
chlorthalidone group, with a significantly (P<0.01) greater incidence in 
patients with plaques, and among patients with plaques in those who were ran- 
domized to chlorthalidone (P < 0.05). In accord with evidence from animal 
models of atherosclerosis, the calcium antagonist verapamil was more effective 
than the diuretic chlorthalidone in promoting regression of thicker carotid 
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lesions. Changes in the carotid intima-media thickness were small in both 
groups. According to the authors, the observation that these small differences 
in carotid wall changes were paralleled by differences in the incidence of car- 
diovascular events (better intima-media thickness regression with verapamil 
paralleled by a lower cardiovascular event rate) suggests that even small effects 
on carotid plaques may have clinical and prognostic relevance. 

The results of angiographic studies have suggested that calcium channel- 
blocking agents may prevent new coronary lesion formation, the progression 
of minimal lesions, or both. The Prospective Randomized Evaluation of the 
Vascular Effects of Norvasc Trial (PREVENT) [92] was a multicenter, ran- 
domized, placebo-controlled, double-masked clinical trial designed to test 
whether amlodipine would slow the progression of early coronary atheroscle- 
rosis in 825 patients with angiographically documented coronary artery dis- 
ease. The primary outcome was the average 36-month angiographic change in 
mean minimal diameters of segments with a baseline diameter stenosis of 
30%. A secondary hypothesis was whether amlodipine would reduce the rate 
of atherosclerosis in the carotid arteries as assessed with B-mode ultrasonog- 
raphy, which measured intimal-medial thicknesses (IMT). The rates of clinical 
events were also monitored. The placebo and amlodipine groups had nearly 
identical average 36-month reductions in the minimal diameter: 0.084 versus 
0.095 mm, respectively (P = 0.38). In contrast, amlodipine had a significant 
effect in slowing the 36-month progression of carotid artery atherosclerosis: 
the placebo group experienced a 0.033 mm increase in IMT, whereas there was 
a 0.0126 mm decrease in the amlodipine group (P = 0.007). There was no 
treatment difference in the rates of all-cause mortality or major cardiovascular 
events, although amlodipine use was associated with fewer cases of unstable 
angina and coronary revascularization. Although amlodipine had no demon- 
strable effect on angiographic progression of coronary atherosclerosis or the 
risk of major cardiovascular events but was associated with fewer hospitaliza- 
tions for unstable angina and revascularization. 

Randomized trials of antihypertensive therapy showed smaller progression 
or greater regression of carotid lesions in patients treated with a calcium antag- 
onist rather than a diuretic, but the changes were small and the trials had limit- 
ed power to detect these differences. Whether different CCBs vary in their 
capacity to slow the progression of carotid atherosclerosis is clinically relevant. 
Studies with various molecules are justified on the basis of experimental data 
showing differences in their pharmacological profile. The European Lacidipine 
Study on Atherosclerosis (ELSA) [141] was planned with sufficient power to 
test whether long-term (four years) antihypertensive therapy using the calcium 
antagonist lacidipine was equally effective as therapy with the p-blocker 
atenolol on carotid IMT changes. ELSA was a randomized, double-blind trial 
in 2,334 patients with hypertension that compared the effects of a four-year 
treatment based on either lacidipine or atenolol on the mean of the maximum 
intima-media thicknesses (IMT) in far walls of common carotids and bifurca- 
tions, an index of carotid atherosclerosis (CBM max ). This index has been shown 
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by epidemiological studies to be predictive of cardiovascular events. A signifi- 
cant (P < 0.0001) effect of lacidipine was found compared with atenolol, with 
a treatment difference in four-year CBM max progression of 20.0227 mm (inten- 
tion-to-treat population) and 20.0281 mm (completers). The intention-to-treat 
(ITT) population consisted of all patients randomized to double-blind medica- 
tion who had the baseline ultrasound scan and at least one follow-up scan, 
including scans performed after withdrawal (mean follow-up 3.75 years). The 
completer population was made up of patients who actually completed the 
four-years of the study under randomized medication. The yearly IMT pro- 
gression rate was 0.0145 mm/y in atenolol-treated and 0.0087 mm/y in lacidip- 
ine-treated patients (completers, 40% reduction; P = 0.0073). Patients with 
plaque progression were significantly less common, and patients with plaque 
regression were significantly more common in the lacidipine group. Clinic 
blood pressure reductions were identical with both treatments, but 24-hour 
ambulatory systolic/diastolic blood pressure changes were greater with atenolol 
(210/29 mm Hg) than with lacidipine (27/25 mm Hg). No significant difference 
between treatments was found in any cardiovascular events, although the rela- 
tive risk for stroke, major cardiovascular events, and mortality showed a trend 
favoring lacidipine. According to the authors, the greater efficacy of lacidipine 
on carotid IMT progression and number of plaques per patient, despite a small- 
er ambulatory blood pressure reduction, indicates an antiatherosclerotic action 
of lacidipine independent of its antihypertensive action. This conclusion is con- 
sistent with CCBs properties reported above. 



ALLHAT and meta-analyses 

Psaty and Furberg who concluded from a meta-analysis that in patients with 
coronary disease, the use of short-acting nifedipine in moderate to high doses 
caused an increase in total mortality have questioned the safety of CCBs in 
therapy in 1995. The authors added that other calcium antagonists may have 
similar adverse effects, in particular those of the dihydropyridine type and that 
long-term safety data were lacking for most calcium antagonists for the treat- 
ment of hypertension [28]. Several authors have re-evaluated the conclusions 
of this meta-analysis. For instance, Opie et al. [83] pointed out that safety and 
efficacy are ultimately linked to each other and that both must be evaluated 
especially in the therapy of angina and hypertension, the main clinical indica- 
tions for CCBs. Opie and his colleagues pointed out that structural, function- 
al, and pharmacokinetic heterogeneity of CCBs means that the efficacy and 
dangers of one subclass, such as the short-acting dihydropyridines (DHPs), in 
one situation, such as unstable angina, do not necessarily apply in other clini- 
cal situations. Therefore, these authors reviewed one hundred studies accord- 
ing to Furberg ’s methods of data collection: case series, case control, cohort, 
randomized controlled trials (RCTs), and meta-analyses. Opie et al. [83] 
observed that regarding safety, both observational studies and RCTs suggest 
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that adverse effects of CCBs may be linked to short- acting agents, specifical- 
ly short-acting nifedipine and that incomplete but increasing overall evidence 
favors the safety of longer-acting DHPs. Their analysis confirmed that heart 
failure remains a class contraindication to the use of CCBs, with some excep- 
tions shown by DAVIT II trial [45]. One of their main conclusions was that the 
future aim with CCBs must be to obtain a large database gathered from RCTs, 
which will give the same certainty about efficacy and safety that already holds 
for use of the diuretics in hypertension. Some of ALLHAT conclusions are 
meeting this expectation. 

The “antihypertensive and lipid lowering to prevent heart attack trial” 
(ALLHAT), the largest ever randomized trial of antihypertensive treatment 
was designed to determine whether the choice of first line treatment for 
hypertension influenced cardiovascular outcome [1]. The trial was sufficient- 
ly large to examine cause specific outcomes and was the first hypertension 
study to have sufficient power to examine the combined incidence of fatal 
coronary heart disease and non-fatal myocardial infarction as the primary end 
point. It was a randomized double blind controlled clinical trial conducted in 
623 centers in North America. The trial randomized 42,418 patients with mild 
to moderate hypertension aged 55 years or older (mean age 67 years) with one 
additional cardiovascular risk factor to one of four antihypertensive treat- 
ments: the diuretic chlorthalidone (12.5-25 mg daily), the ACE inhibitor 
lisinopril (10-40 mg daily), the calcium channel blocker amlodipine 
(2.5-10 mg daily), or the a-blocker doxazosin (1-8 mg daily). The doxazosin 
arm was stopped prematurely in 2000 after a reported excess of cardiovascu- 
lar events (principally congestive heart failure) compared with the reference 
drug, chlorthalidone. This left 33,357 patients who completed the trial for a 
mean follow up of 4.9 years. The design of the trial ensured the inclusion of 
large numbers of patients’ groups, previously under-represented in trials of 
blood pressure — notably women (47%), black Americans (35%), Hispanics 
(19%), and people with diabetes mellitus (36%). The primary outcome 
occurred in 2956 participants, and no differences were found between the 
rates with the reference drug chlorthalidone (1 1.5%), and amlodipine (1 1.3%) 
and lisinopril (11.4%). Moreover, this conclusion is valid irrespective of the 
patient’s sex, ethnicity, or the presence or absence of diabetes. There has been 
a large debate as to whether the duration of the trial was sufficient to identi- 
fied differences in secondary outcomes not initially expected. According to 
Zanchetti and Mancia, there are questions that ALLHAT trial has not 
answered and that are still left open. These are mostly those inherent in the 
nature of large event based trials. Can the results of 4-5 years of treatment be 
extrapolated to the much longer life expectation of middle-aged hypertensive 
patients? Can some of the metabolic changes differently occurring with dif- 
ferent drug regimens have some impact on a longer time course than the five- 
year duration of a trial? Did the peculiar and unusual combination therapy 
required by the ALLHAT design have some influence on the results, and did 
it cause some disadvantage [5, 139, 143]. 
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It is remarkable that Allhat [1] has prompted about 115 other commentary 
papers before [27] and after [2, 50, 67, 71] its publication in December 2002. 
But it is highly worth noting that the new information provided by ALLHAT 
dismisses previous concerns about the safety and efficacy of calcium channel 
blockers. It reinforces the interpretation of Staessen et al. [119, 120] who com- 
pared to treatments with older drugs (diuretics and (3-blockers), those with cal- 
cium-channel blockers and angiotensin converting-enzyme inhibitors in 
62,605 patients. They concluded from their meta-analysis that blood pressure 
control is important, all approved antihypertensive drugs having similar long- 
term efficacy and safety, but that calcium channel blockers might be especial- 
ly effective in stroke prevention [80, 82, 120]. Nevertheless, the question is 
still open whether CCBs may have therapeutic effects unrelated to blood pres- 
sure reduction. 
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As discussed in former chapters blockade of L-type calcium channels by dihy- 
dropyridines, phenylalkylamines and benzothiazepines forms the basis for 
treatment of cardiovascular diseases. A number of other agents that either uns- 
electively or selectively target neuronal and other calcium channels have been 
described. Some of them have been introduced in therapy to treat gastroin- 
testinal or neuronal disorders and more recently, blockers of Ca v 2 channels 
have become the subject of intense interest regarding their potentiality for the 
treatment of chronic and neuropathic pain, this appears promising for a variety 
of pain conditions. The purpose of this section is to review already established 
non-cardiovascular therapies and to point to further possibilities. 



Calcium antagonists and gastrointestinal pharmacology 

Motor activity of the gastrointestinal tract 

Synchronized circumferential contractions and propagating phasic contractile 
activity are important components of gastrointestinal motility involved in 
propulsion of food and food residues. These contractions are initiated and reg- 
ulated by electrical activity (slow-wave-type action potentials or slow waves) 
of the smooth muscle cell membranes. Periodically electrical pacemaker 
potentials are generated by specialized pacemaker cells [a network of intersti- 
tial cells of Cajal (ICC) and smooth muscle cells] and propagated into the rest 
of the smooth muscle layer. Slow-wave-type action potentials generated in the 
smooth muscle layers consist of an upstroke phase and a plateau phase with or 
without superimposed spikes. Calcium channels play a role in both the initia- 
tion of the slow-wave and in the generation of the plateau phase, the latter 
being associated with generation and regulation of contraction. 
Pharmacological manipulation of calcium channel activity influences the slow 
wave frequency and propagation, determining the characteristics of propulsion 
and synchronization, as well as the duration and amplitude of the slow wave 
plateau phase, determining the force of the individual phasic contractions. 
Colonic circular smooth muscle of the dog is electrically dominated by pace- 
maker activity generated by a network of ICC located at its submucosal bor- 
der. This activity (a six-cycles-per-minute depolarizing pulse) is transmitted to 
the circular muscle cells where it activates L-type calcium channels that lead 
to the creation of a slow-wave-type action potential. It is the plateau phase of 
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the action potential, generated through L-type calcium channels, that is asso- 
ciated with generation of contraction. The amplitude and duration of the 
plateau phase depends on the level of excitation. Modification of this plateau 
potential by excitatory or inhibitory drugs is directly related to modification of 
force of contraction. At high levels of excitation, activity of L-type calcium 
channels creates spikes superimposed on the plateau phase of the slow waves 
further increasing force of contraction. L-type calcium channel blockers affect 
the slow-wave-type action potential in gastrointestinal smooth muscle in a very 
characteristic manner. They inhibit the plateau potential without affecting the 
frequency of the activity. In many intestinal tissues, force of contraction is 
enhanced through development of spiking activity superimposed on the slow 
waves. Calcium channel blockers inhibit spike activity at concentrations lower 
than those needed to inhibit the slow-wave plateau [4, 33]. In conscious dogs, 
intravenous infusions not only of nifedipine but also of verapamil and dilti- 
azem, exert profound inhibitory effects on intestinal motility [16]. Nifedipine 
and nilvadipine reduced activity in the proximal colon of the dog. Oral or sub- 
lingual administration of nifedipine also decreased lower esophageal sphincter 
(LES) pressure and partially inhibited the LES response to tetragastrin or 
bethanechol in dogs [31]. 

Because L-type calcium channel blockers were already used in gastroin- 
testinal motor disorders such as esophageal spasm and excessive postprandial 
colonic contractions [47] but that their actions on the cardiovascular system 
and the vasculature have prevented widespread acceptance, Huizinga and his 
colleagues [44] have compared the action of pinaverium to the action of clas- 
sical CCBs (diltiazem, nicardipine and D600) on canine circular smooth mus- 
cle. Indeed, pinaverium bromide was found to interact with the dihydropyri- 
dine site, at the external surface of the plasma membrane, in a competitive 
manner [21, 45] and could substitute to classical CCBs. Data obtained from 
different experimental conditions provide a rationale for the clinical use of 
pinaveriun bromide to decrease the force of contraction in the colon. Oral 
intake of pinaverium bromide does not lead to significant blood levels and con- 
sequently is without effects on the cardiovascular system. Pinaverium bromide 
is hypothesized to be absorbed into the muscle wall of the colon, directly from 
the gut [12]. 



Clinical studies 
Upper Gl tract 

In normal human volunteers, LES pressure was reduced by nifedipine 
(10-40 mg), but only by about 40% at the highest dose administered [6], and 
nifedipine generally had a much less pronounced effect on contraction ampli- 
tude in the body of the esophagus. Nifedipine (20 mg, sublingually) reduced 
LES pressure by about 30-35% in achalasia patients. Thus, in both healthy 
and achalasia humans, oral nifedipine reduces LES pressure. Nifedipine also 
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showed some promise (reduced esophageal pressure) in patients with “nut- 
cracker esophagus,” very high LES pressures, or diffuse esophageal spasm, but 
symptoms were not improved and adverse cardiovascular side-effects occurred 
in some cases [60]. It was concluded that nifedipine could be useful in treat- 
ing elderly achalasia patients possessing risk factors that would render pneu- 
matic dilatation or surgery inappropriate. A placebo-controlled, double-blind 
crossover study was performed to compare the effects of oral nifedipine (up to 
20 mg) and verapamil (160 mg) on LES pressure, esophageal contraction 
amplitude, and clinical symptomatology in patients with achalasia. Both 
nifedipine and verapamil significantly decreased mean LES pressure, but only 
nifedipine caused a significant decrease in the amplitude of esophageal con- 
tractions. No statistically significant improvement in overall clinical sympto- 
matology was observed with these drugs, but some individual improvements 
in dysphagia and chest pain were noted in these achalasia patients [80]. In 
another trial, the effect of sublingual nifedipine (mean dose, 55 mg/day; Le., 
10-20 mg, 30 minutes before meals) and pneumatic dilatation were compared 
in patients suffering from mild or moderate esophageal achalasia. Significant 
decreases in LES pressure were produced by both treatments, and excellent or 
good clinical results were observed in 75% of the dilated patients and in 77% 
of the patients treated with nifedipine. One of the 14 patients treated with 
nifedipine could not tolerate the drug. It was concluded that long-term treat- 
ment with sublingual nifedipine and pneumatic dilatation are equally effective 
in treating mild-to-moderate esophageal achalasia [13]. In contrast to these 
positive results, Robertson et al. [63] had not found that nifedipine (10 mg, 15 
minutes before meals) produced detectable decrease in LES pressure in acha- 
lasia patients. However, the methods used by these latter workers differed from 
Coccia et al. [13]; e.g., the dose of nifedipine (10 mg) that was administered 
was lower and it was given at shorter intervals before meals. 

Lower G1 tract 

Nifedipine (30 mg, p.o.) did not affect fasting or postprandial duodenal or 
jejunal motility, and did not alter gastric emptying in normal subjects [66], but 
similar doses inhibited colonic spike activity induced by eating and decreased 
the abnormal colonic motor response to distension in patients afflicted with 
irritable bowel syndrome (IBS). In the practice of gastroenterology, organic 
disease, peptic ulcer, cholelithiasis, pancreatitis, diverticulitis (definite struc- 
tural anatomical problems) account for about 50% of the practice referral 
base. The other 50% involves such upper gastrointestinal symptoms such as 
dyspepsia, indigestion, esophageal problems, so-called functional disease, 
and in turn a large part of that overlaps the spectrum of irritable bowel syn- 
drome (IBS). Irritable bowel syndrome (IBS) involves a heterogenous group 
of entities. Patients can have varying bowel habits, either diarrhea or consti- 
pation, sometimes alternating, are exquisitely sensitive to bowel distention, 
have a very low threshold for pain, and some have an enhanced gastrocolic 
reflex [31]. There may be stress factors, there may be psychological implica- 
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tions in some of these patients, and indeed there may be different sensitivities 
in the right side of the large bowel compared to the transverse colon, and com- 
pared to the left side of the bowel [6]. Sublingually-administered nifedipine 
and intravenously-administered nicardipine reduced colonic motor responses 
to a standard meal in IBS patients. Paired controlled studies were conducted 
in normal volunteers and patients with IBS to examine the effect of standard 
nicardipine (20 mg, p.o.) and sustained-release nicardipine (30 mg, t.i.d.) on 
the responses of the anorectum to rectal distension and a meal [77]. In normal 
volunteers, standard nicardipine did not affect rectal responses to distension 
but did significantly reduce the postprandial motility index. In IBS patients, 
standard nicardipine caused a significant reduction in distention-induced rec- 
tal motor activity and increased the rectal sensory thresholds for desire to 
defecate and discomfort. Both formulations of nicardipine significantly 
reduced the postprandial motility index and symptoms, supporting the con- 
tention that Ca 2+ -antagonists may be useful in managing IBS [77]. The most 
pronounced change with the largest increase in motility occurs in the sigmoid 
colon, which also seems to be the site of most symptoms in IBS patients [32]. 
Each of the segments has a sensitivity to eating, perhaps least so in the ascend- 
ing colon which is the part of the colon where fecal contents of the stool are 
rather liquidy and perhaps less distending. Is there a rationale for calcium 
channel blockers in IBS? Nifedipine has been shown to decrease the rectosig- 
moid motility index, which occurs in response to distention; in other words, it 
will decrease or minimize the contraction and pain related to distention of the 
bowel [58]. Nifedipine will also decrease the postprandial rectosigmoid gas- 
trocolic reflex. Huizinga’s experiments reported above support clinical stud- 
ies that have indicated effectiveness of pinaverium in irritable bowel syn- 
drome [3, 57]. 



Calcium antagonists and neuropharmacology 

When considering neuropharmacological indications, a review of 1986 [22], 
mentioned the beneficial effect of flunarizine and nimodipine in the treatment 
of common and classical migraine. The pharmacological target for this action 
(cerebral arteries or neurones) remained controversial. Clinical trials examined 
the protective action of specific calcium entry blockers in ischaemic brain 
damage. Current data in patients with aneurysmal subarachnoid hemorrhage 
indicated that nimodipine, a calcium entry blocker with a predilective action 
on the cerebral circulation, could improve the clinical situation of patients at 
risk. Clinical reports have demonstrated a beneficial action of cinnarizine and 
flunarizine in the treatment of vertigo and in sleep disorders, in aged patients. 
Preliminary data suggested a possible action in some forms of epilepsia. An 
interaction of neuroleptics with calcium channels has been clearly demon- 
strated [67]. Therefore, calcium channels might be targets for therapeutic 
actions beyond the cardiovascular system. 
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Migraine ( with a note on vertigo) 

As far as migraine treatment is concerned, there is a large body of information 
confirming the efficacy of flunarizine and nimodipine for the prevention of the 
migraine attacks, which are reduced in frequency in patients treated with these 
drugs [18, 42]. In comparative studies, it has been reported that flunarizine was 
more effective than nimodipine in prophylactic treatment. For instance in a 
trial, flunarizine was given for a six-month treatment at the dose of 10 mg once 
daily and nimodipine for the same period at a dose of 40 mg. The authors 
observed that the frequency of migraine attacks was reduced to 20% with flu- 
narizine and to 50% with nifedipine. Furthermore, the therapeutic effect per- 
sisted after discontinuation of the treatment: during eight months with flunar- 
izine and five months with nimodipine; these differences were statistically sig- 
nificant [49]. It has also been reported that flunarizine reduced cortical spread- 
ing depression [19]. 

Such agents, therefore, appear to be active in disseminated nervous disor- 
ders. Recent studies in patients suffering from migraines [8, 26] have provid- 
ed evidence that the visual aura is the result of cortical spreading depression 
(CSD), a wave of neuronal depolarization that spreads slowly across the cere- 
bral cortex. Investigations in animal models and humans indicate that the 
headache is a consequence of activation of trigeminovascular afferents inner- 
vating the meninges, causing neurogenic inflammation and activation of 
trigeminal nucleus caudalis and brainstem nuclei involved in the perception of 
pain [46]. It has been reported [7] that CSD in the rat cortex activates trigemi- 
novascular afferents and evokes a series of alterations in the meninges and 
brainstem consistent with the development of headache. These data, together 
with earlier pharmacological work, point to CSD as a critical event in the 
pathogenesis of migraine with aura. Some authors have proposed that nitrergic 
nerves are involved in this process [52, 78]. 

Tottene et al. [79] have studied a familial hemiplegic migraine (FHM), a 
dominantly inherited subtype of migraine with aura associated with ictal hemi- 
paresis associated with a mutations in the gene encoding the pore-forming a r 
subunit of Ca v 2.1 (voltage- gated P-Q-type) channels. They expressed FHM 
mutants in Ca v 2.1 -deficient neurons. They uncovered two common changes in 
Ca v 2.1 function caused by FHM mutations: an increased single-channel Ca 2+ 
influx and a decreased maximal Ca v 2.1 current density in neurons. According 
to the authors, these functional alterations should favor the spontaneous occur- 
rence of CSD in the brain of patients. Therefore a role for Ca v 2.1 channels 
could be dominant in the pathogenesis of migraine aura, indicating a potential 
molecular target for unspecific calcium channel blockers such as flunarizine. 
Alternatively, Ca v l channels (L-type) may also be involved, since they are up- 
regulated in mouse brain subjected to episodes of CSD [11]. There are other 
targets, which could account for an action of CCBs, one of them could be NF- 
kappaB, which has recently been proposed to play a role in migraine [59]. It 
appears that the precise mechanism of action of CCBs in migraine remains 
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conjectural, but identified targets support the clinical observations of their 
therapeutic benefit. 

Note on vertigo 

Vertigo associated with migraine may also be reduced by CCBs [27]. 
Similarly, cinnarizine and nimodipine were efficacious in otological vertigo 
[56]. This is also true for the action of flunarizine in vestibular neuritis [15]. It 
might be that such therapeutics effects are related to a vascular action. 



Pain 

CCBs and opioids 

There have been several experimental reports showing that CCBs may poten- 
tiate the analgesic effects of opioid. For instance, in animal studies by using 
the acetic acid writhing test in mice, it appeared that subcutaneous injections 
of diltiazem, verapamil, nicardipine, flunarizine and cinnarizine produced a 
dose-dependent antinociception. This activity of diltiazem was stereospecific; 
d-cis-diltiazem was more potent than 1-cis-diltiazem. All the calcium channel 
blockers studied increased morphine analgesia and displaced to the left the 
morphine dose-response curve. The effect of diltiazem being stereospecific, 
this indicates that calcium channel blockers may induce analgesia and do 
increase morphine analgesia. [17]. Caro et al. have examined the effects of two 
enantiomers of diltiazem (1-cis and d-cis) on naloxone-precipitated morphine 
abstinence after acute morphine dependence in vivo in mice, d-cis-diltiazem 
(10-40 mg/kg) produced a dose-dependent inhibition of the jumping and body 
weight loss induced by naloxone in acutely morphine dependent mice. By con- 
trast, 1-cis-diltiazem 40 mg/kg did not significantly inhibit jumping and pro- 
duced a much lower inhibition of body weight loss than the same dose of d-cis- 
diltiazem [9]. Contreras et al. have observed that the administration of nifedip- 
ine, flunarizine and verapamil reduced the intensity of the tolerance induced 
by a single dose of morphine administered in a slow release preparation [14]. 
Kishioka et al. examined the interaction between calcium channel blockade 
with drug-induced analgesia and respiratory depression in rhesus monkey. The 
antinociceptive effects of the drugs were evaluated using a warm-water (50 °C) 
tail-withdrawal assay in rhesus monkeys, and the respiratory depressant effects 
were evaluated using a pressure-displacement plethysmograph. Pre-treatment 
with diltiazem (10-40 mg/kg, i.m.) 30 min before administration of morphine 
(0.3 to 10 mg/kg) or heroin (0.03 to 1.0 mg/kg) produced a dose-dependent 
potentiation of the opioid-induced analgesia. The analgesic potency of mor- 
phine and heroin was increased by approximately 0.5 log unit in the presence 
of 40 mg/kg diltiazem. However, diltiazem failed to alter the analgesic poten- 
cies of p-opioid and K-opioid receptor agonists or the non-opioid, clonidine. 
Respiratory frequency, minute volume, and tidal volume were suppressed by 
morphine, heroin, and fentanyl, but these effects were not modified by pre- 
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treatment with diltiazem (40 mg/kg) indicating the specific action of CCBs on 
morphine- and heroin-induced analgesia. At variance, Gullapalli and Ramarao 
observed a potentiation by nimodipine and lercanidipine of the analgesia of 
K-opioid receptor agonist in rats [24]. This indicates that they may be species 
and/or methodology variations. Further studies have confirmed interaction 
between CCBs and opioids at the biochemical level. Gullapalli et al. observed 
that nimodipine reversed the down-regulation of CCBs binding sites evoked by 
naloxone in rats treated by naloxone (1 mg/kg) during 10 days [24, 25, 38]. 

Similar observations have been done in patients. For instance, Santillan et 
al. have examined the ability of nimodipine to reduce the daily dose of oral 
morphine in cancer patients who had developed dose escalation, in patients 
under randomized, double-blind, placebo-controlled conditions [68]. They 
selected patients that required at least two successive increments of morphine 
to maintain pain relief. They observed that the dose of morphine was reduced 
from 313 ± 52 to 174 ± 33 mg/day (P < 0.001) in the nimodipine group, and 
from 254 ± 26 to 218 ± 19 mg/day (not significant) in the placebo group. 
However, in another clinical trial, Nitahara et al. found that continuous i.v. 
infusion of diltiazem did not reduce epidural fentanyl consumption when 
administered at dosages having minimal haemodynamic depressant effects 
[48, 68]. However pharmacokinetics conditions and the site of action of tested 
drugs are different in the two trials here summarized, therefore the actions of 
nimodipine and diltiazem cannot be compared in those two settings. 
Furthermore, as was shown in an experiment comparing verapamil and flu- 
narizine, the opioid receptor sub-types involved in their action are not identi- 
cal [83]. 

Neuropathic pain 

Pain is usually an indication of tissue injury and is usually temporary in dura- 
tion. With healing, the pain associated with the injury will resolve. Its major 
role is to warn the individual from further injury. However, in some individu- 
als, this painful experience can result in chronic pain that persists for months 
or even years after the initial insult as a result of disruption of the nervous sys- 
tem. This abnormality of the peripheral, central, and sympathetic nervous sys- 
tem can result in a painful state termed neuropathic. Hence, neuropathic pain 
represents a chronic pain syndrome group with a diverse etiology and perhaps 
an anatomical cause. L-, N- and P/Q-types Ca 2+ channel types (see page 27 for 
IUPHAR nomenclature) are expressed in the spinal cord and studies summa- 
rized based on the spinal delivery of specific antagonists to high-threshold cal- 
cium channels reveal that blockade of L-type, P/Q-type and particularly, 
N-type channels can prevent, attenuate, or both, subjective pain as well as pri- 
mary and/or secondary hyperalgesia and allodynia in a variety of experimen- 
tal and clinical conditions. In various animal models, the selective block of 
N-type currents via intrathecal administration of G3-conotoxin GVIA or 
G3-conotoxin MVIIA significantly depresses the formalin Phase 2 response, 
thermal hyperalgesia, mechanical allodynia and post-surgical pain [81]. 
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Ziconotide, a synthetic form of the 25 amino acid cationic Conus magus 
peptide toxin, MVIIA, is a selective antagonist of the N-type Ca v 2.2 channel. 
Ziconotide has been shown to be antinociceptive in animal models of persist- 
ent, postoperative and neuropathic pain. It is up to several orders of magnitude 
more potent than morphine on intrathecal administration and does not appear 
to exhibit tolerance or addiction characteristics. Its probable site of action is 
the high concentration of N-type Ca v 2.2-channels found in the superficial lam- 
inae of the spinal cord dorsal horn, although there is also some evidence for 
efficacy on injured peripheral nerves upon subcutaneous administration. 
Intrathecal bolus injection of ziconotide is significantly more potent and long- 
lasting for the inhibition of heat hyperalgesia and mechanical allodynia in a rat 
model of post-operative pain. In addition, ziconotide appears to be more spe- 
cific in its action compared to morphine. Pre-treatment with intrathecal 
ziconotide was also shown to prevent the establishment of allodynia and 
hyperalgesia [55, 61, 71, 82]. 

Gabapentin, l-(aminomethyl) cyclohexaneacetic acid, is a novel anticon- 
vulsant drug found to be active in a variety of animal seizure models. It is con- 
sidered as an important and effective drug in the management of neuropathic 
pain syndromes. The efficacy of gabapentin in preventing hyperalgesia has 
been demonstrated in a number of different animal models of neuropathic pain 
It appears to have a unique effect on voltage-dependent calcium ion channels 
at the post-synaptic dorsal horns and may, therefore, interrupt the series of 
events that possibly leads to the experience of a neuropathic pain sensation. 
Gabapentin is especially effective at relieving allodynia and hyperalgesia in 
animal models. It has been shown to be efficacious in numerous small clinical 
studies and case reports in a wide variety of pain syndromes. Gabapentin has 
been clearly demonstrated to be effective for the treatment of neuropathic pain 
in diabetic neuropathy and postherpetic neuralgia. This evidence, combined 
with its favourable side-effect profile in various patient groups (including the 
elderly) and lack of drug interactions, makes it an attractive agent [64]. The 
gabapentin binding site has been purified from pig brain and gabapentin was 
identified as the first ligand to interact with the a 2 5 subunit of high-threshold 
Ca 2+ channels. Both the a 2 8 subunit protein and [ 3 H]+gabapentin binding sites 
are up-regulated in the dorsal horn following sciatic nerve chronic constriction 
injury. The association of a 2 8 with the pore-forming 0Cj subunit of the Ca 2+ 
channel modulates channel function. This indicates that gabapentin could 
affect Ca channel function indirectly, thereby modulating neuronal excitabili- 
ty [72]. The exact mode of action of gabapentin still needs to be better evalu- 
ated. No doubt that this investigation shall improve our knowledge about inter- 
action of drugs alleviating pain with calcium channels. 
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Dementia 

Confirming earlier claims a recent Harvard Health Letter (of May 2003) 
announced that calcium channel blockers may prevent dementia. The authors 
mentioned the fact that for years, doctors have known about a possible con- 
nection between high blood pressure and dementia, a correlation found nowa- 
days statistically significant. They referred to Systeur trial [73] designed to test 
whether active treatment could reduce cardiovascular complications of isolat- 
ed systolic hypertension. According to Atkinson, targeting cerebral circulation 
is an option for therapy in dementia [2]. Fatal and non-fatal stroke combined 
was the primary endpoint of Systeur trial. After stratification for centre, sex, 
and previous cardiovascular complications, 4,695 patients were randomly 
assigned to nitrendipine 10-40 mg daily, with the possible addition of 
enalapril 5-20 mg daily and hydrochlorothiazide 12.5-25.0 mg daily, or 
matching placebos. The authors of this trial observed that active treatment 
reduced the total rate of stroke from 13.7 to 7.9 endpoints per 1,000 patient- 
years (42% reduction; p = 0.003). Non-fatal stroke decreased by 44% 
(p = 0.007). In the active treatment group, all fatal and non-fatal cardiac end- 
points, including sudden death, declined by 26% (p = 0.03). Non-fatal cardiac 
endpoints decreased by 33% (p = 0.03) and all fatal and non-fatal cardiovas- 
cular endpoints by 31% (p < 0.001). Cardiovascular mortality was slightly 
lower on active treatment (-27%, p = 0.07), but all-cause mortality was not 
influenced (-14%; p = 0.22). They concluded that among elderly patients with 
isolated systolic hypertension, antihypertensive drug treatment starting with 
nitrendipine reduces the rate of cardiovascular complications and that treat- 
ment of 1,000 patients for five years with this type of regimen may prevent 29 
strokes or 53 major cardiovascular endpoints. In a further analysis they exam- 
ined the problem of dementia and found that participants initially assigned to 
take the calcium-channel blocker were 55% less likely to develop dementia, in 
particular Alzheimer’s disease than those given a placebo [74]. 

Lopez- Arrieta et al. aimed to assess the clinical efficacy of nimodipine for 
the manifestations of dementia, in unclassified disease and in the major sub- 
types — Alzheimer’s disease, cerebrovascular disease, and mixed Alzheimer’s 
and cerebrovascular disease. Their search was based on the Cochrane 
Dementia and Cognitive Improvement Group’s Specialized Register, which 
contains reports of trials from all major medical databases and many trial data- 
bases. Data were extracted independently by the reviewers and the odds ratio 
(95% Cl) or the average difference (95% Cl) were estimated. Both intention- 
to-treat and on-treatment results were extracted. Fourteen trials were included 
which tested two treatment regimes, 90 and 180 mg/day of nimodipine for 12 
and 24 weeks. Two trials included only patients with Alzheimer’s disease 
(AD), nine trials included only patients with cerebrovascular dementia (CYD), 
and three trials included patients with AD, CVD and mixed disease. Available 
outcome data from nine trials (2,492 patients) cover the domains of cognitive 
function, activities of daily living, global clinical state, safety and tolerability. 
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By pooling available data from all trials, whatever the diagnosis of the patients 
included, the reviewers found benefit associated with nimodipine (90 mg/day 
at 12 weeks) compared with placebo. When the AD trials and the VD trials 
were pooled separately similar significant results were found for the 
90 mg/day dose of nimodipine at 12 weeks. The authors concluded that 
nimodipine can be of some benefit in the treatment of patients with features of 
dementia due to unclassified disease or to Alzheimer’s disease, cerebrovascu- 
lar disease, or mixed Alzheimer’s and cerebrovascular disease [43]. 

In a multinational, double-blind, placebo-controlled study, Pantoni et al. 
evaluated the safety and efficacy of nimodipine administered for as long as 26 
weeks in improving cognition or slowing cognitive deterioration in patients 
defined as having multi-infarct dementia (DSM-III-R criteria). Two hundred 
and fifty-nine patients were included (128 nimodipine, 131 placebo), and 251 
were available for the intention-to-treat analysis. This study failed to show a 
significant effect of nimodipine on cognitive, social or global assessments in 
patients defined as affected by multi-infarct dementia according to the DSM- 
III-R criteria. However, a lower incidence of cerebrovascular and cardiac 
events was observed in the nimodipine-treated patients in comparison with the 
placebo group. A post hoc analysis (presented in an accompanying paper) sug- 
gests that nimodipine may have a favorable effect in the subgroup of patients 
defined as affected by subcortical (small vessel) vascular dementia [53, 54]. 

This brief review shows that calcium channel blockers may have benefits 
for the brain that other blood pressure medications do not have. In a large 
meta-analysis, Staessen et al. [15] concluded that all antihypertensive drugs 
have similar long-term efficacy and safety. Calcium channel blockers might be 
especially effective in stroke prevention. They did not find that converting- 
enzyme inhibitors or a-blockers affect cardiovascular prognosis beyond their 
antihypertensive effects [75]. Calcium channel blockers cross the blood-brain 
barrier and reduce the turnover of some neurotransmitters deficient in demen- 
tia. Since they have been shown to have neuroprotective effects in animal 
experiments. By slowing the movement of calcium into cells, they may be a 
boost to aging brain cells, which have a hard time maintaining regular calcium 
levels [40]. 



Subarachnoid haemorrhage 

Brain ischaemia, which may be related to vasospasm, is a frequent cause of 
poor outcome in patients with subarachnoid haemorrhage. Although the patho- 
genesis of delayed cerebral vasospasm after subarachnoid haemorrhage 
remains quite unclear [34, 41], experimental studies have indicated that calci- 
um antagonists can prevent or reverse vasospasm [28]. In ischaemic tissues, 
high-energy phosphate depletion is thought to cause rundown of ionic gradi- 
ents and membrane depolarization, leading to excessive Ca 2+ influx. When this 
excess of free Ca 2+ can no longer be rapidly sequestered into intracellular 
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stores or removed from the cell, it provokes a wide array of metabolic changes, 
which can result in cell death. Moreover, with reperfusion, extracellular Ca 2+ 
increases, and cells not initially damaged by the ischaemia may be affected by 
the injurious effects of rapid Ca 2+ overload [36, 69, 70]. Membrane stabiliza- 
tion, improvement of the rheology and inhibition of neurotransmitter release 
constitute putative mechanisms for cellular protection. However, blocking the 
deleterious Ca 2+ accumulation by damaged tissues is probably the most effec- 
tive way to improve the cell survival. CCBs have been reported to be an impor- 
tant class of drug in the prophylactic and therapeutic managements of cardiac 
and cerebral ischaemia. Moreover, beside their preventive action on excessive 
Ca 2+ influx into the cells, these drugs promote the relaxation of cerebral vas- 
cular smooth muscle and thereby restore the cerebral blood flow. The neuro- 
protective effect of CCBs has been documented after both global and focal 
ischaemia in animal experiments [1, 5, 50, 51]. Studies with cells in culture 
have shown the ability of nervous cells to adapt to and recover from insult. 
Excitable cells, when submitted to prolonged or intermittent membrane depo- 
larization occurring in brain ischaemia [35], could react by adapting the func- 
tional activity of their own voltage-dependent Ca 2+ channels. Feron and 
Godfraind [20] have examined the regulation of L-type calcium channels in 
chronically depolarized neuronal and vascular smooth muscle cells. Their 
study revealed that the two cell types are differently regulated by a chronic 
treatment with high K + concentrations. Neuron-type cells exhibited a 
reversible down-regulation of L-type Ca 2+ channels whereas vascular smooth 
muscle cells were characterized by a long-term inactivation of Ca 2+ channels 
without modification of their expression. They also observed that nifedipine 
protected isolated cells from the deleterious effects of prolonged depolariza- 
tion. 

Calcium antagonists have been studied in several clinical trials, but data are 
conflicting. Rinkel et al. [62] have searched the Cochrane Stroke Group Trials 
Register in order to determine whether calcium antagonists improve outcome 
in patients with aneurysmal subarachnoid haemorrhage (SAH). They selected 
all completed, unconfounded, truly randomised controlled trials comparing 
any calcium antagonist with control, within ten days of SAH onset. Eleven tri- 
als that met the inclusion criteria were included in the overview, totaling 2,804 
randomised patients with subarachnoid haemorrhage (1,376 in the treatment 
and 1,428 in the control group). The drugs analysed were: nimodipine (eight 
trials, 1,574 patients), nicardipine (two trials, 954 patients), and AT877 (one 
trial, 276 patients). In 92% of the patients aneurysms were confirmed by 
angiography or autopsy. They concluded that calcium antagonists reduce the 
proportion of patients with poor outcome and ischaemic neurological deficits 
after aneurysmal SAH. The results for ‘poor outcome’ are statistically robust, 
but depend largely on one large trial with oral nimodipine; the evidence for 
nicardipine is inconclusive. The evidence for nimodipine is not beyond every 
doubt, but given the potential benefits and modest risks associated with this 
treatment, against the background of a devastating natural history, oral 
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nimodipine (60 mg every four hours) is indicated in patients with aneurysmal 
S AH. For oral nimodipine uncertainty remains regarding patients in poor clin- 
ical condition on admission or in patients with established cerebral ischaemia, 
since there is an optimal time window. Furthermore, the concentration of the 
CCB in the vicinity of the spastic artery is of great importance as shown by 
the study of Kasuya et al. [34]. These authors have conducted a study to exam- 
ine the efficacy and safety of nicardipine prolonged-release implants (NPRI) 
for humans, which have already been proven in dogs. Twenty consecutive sub- 
arachnoid haemorrhage patients with thick subarachnoid clot were treated 
with NPRI (a pellet of diameter 2 mm, length 10 mm, containing 4 mg of 
nicardipine) during surgery after clipping of their aneurysm. The number and 
location of pellets depended on the amount and site of subarachnoid clot on 
pre-operative CT and on craniotomy. Two to 10 pellets were implanted in the 
cistern of the internal carotid, middle cerebral, and/or anterior cerebral artery, 
where thick clots existed and therefore vasospasm related to delayed 
ischaemic neurological deficits was highly likely. Delayed ischaemic neuro- 
logical deficits and cerebral infarctions were seen in one patient. Angiography 
performed on days seven to 12 revealed no vasospasm in any arteries near 
which NPRI were placed. No complications were experienced. They conclud- 
ed that vasospasm being completely prevented for the arteries in thick clot cis- 
terns, when NPRI were placed adjacent to the arteries during surgery. 
According to the authors, this drug-delivery system offers a promising 
approach for preventing vasospasm. Further studies are required in order to 
better clarify the pharmacology of the vasospasm resulting from subarachnoid 
haemorrhages. 



Perspectives 

As shown along this book, ion channels play critical roles in the regulation of 
excitable cell physiology. In recent years, ion channel regulation of non- 
excitable cell function has also been recognized to be important. In Chapter 2, 
Figure 1 (page 12) illustrates that several pathways may contribute to the reg- 
ulation of calcium entry into animal cells. Interest in ion channels as drug tar- 
gets continues to grow with the hope to identify novel and more specific ther- 
apeutic agents. Although the future is by definition imperceptible, there are 
indications for identification of powerful medicines within a novel generation 
of calcium channel blockers. Calcium channels represent a rich class of vali- 
dated targets for discovery of new therapeutic agents for treatment of central 
nervous system and cardiovascular disorders. In the recent years, much atten- 
tion has been paid to subtypes and/or splice-variants of ion channels, although 
limited progress has been made towards discovery of new molecules that mod- 
ulate these targets. Combinatorial chemistry is playing an increasingly impor- 
tant role as one of the modem medicinal chemistry tools for rapid discovery of 
new leads. The generation of combinatorial libraries of peptides and oligonu- 
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cleotides is now well established, however, preparation of libraries of small 
organic molecules is an evolving area of research. An important feature of 
combinatorial chemistry is the synthesis of compounds on solid support to be 
employed for library construction. Gordeev et al. [23] have reported the prepa- 
ration of a 300-member DHP library and its iterative screening for the identi- 
fication of 1 ,4-dihydropyridines with potent calcium channel binding activity. 
By using competition of 3 H-nitrendipine binding, they have successfully iden- 
tified in the DHP library, by rank ordering of the crude pools and components 
thereof, in addition to nifedipine, new potent calcium channel blockers. 

A cornerstone in current drug discovery is high throughput screening assays 
(HTS), which allow examination of the activity of specific ion channels. 
Specific radioligand competition assays and patch clamp studies are tech- 
niques with sensitivity required for recognition of appropriate interaction with 
channels. Patch clamp presents sufficiently high time resolution for precise 
and direct characterization of ion channel properties. However, patch clamp is 
a slow, labor-intensive, and thus expensive, technique. The full pharmacologi- 
cal potential of ion channel active drugs is far from realized when using inad- 
equate screening methods. Fortunately, automated ion channel screening tech- 
nology is under development. Chip-based technology enables automated and 
parallel patch clamp assays. For instance, The Nanion Patch Clamp chips con- 
tain multiple apertures for cell positioning and seal formation. The microstruc- 
tured glass chips enable whole cell as well as single channel recordings. The 
cell and compound application as well as the experimental protocol are fully 
automated. This technology overcomes the biggest hurdle in drug-screening 
assays evaluating ion channels, which has been to generate enough through- 
puts with high information content and reliability. The Ion Works HT system 
overcomes the major drawbacks to traditional patch clamp techniques. It per- 
forms high throughput whole cell patch clamping of multiple cells simultane- 
ously using a 48-channel detection system to reach throughputs of up to 3,000 
patches per day. Thus, new techniques combining the reliability and high 
information content of patch clamping with the virtues of high throughput 
screening are emerging and predicted to make a number of ion channel targets 
accessible for drug screening. According to Willumsen et al. the introduction 
of new powerful HTS electrophysiological techniques is predicted to cause a 
revolution in ion channel drug discovery [84]. 

We are entering the era of systems biology, where to understand a disease we 
feel obliged to understand its causes from the molecular level to the organism 
level. The whole biological molecules involved and the complex nature of their 
interactions are yet unidentified. Therefore, technology-driven science has not 
provided yet substitute for serendipity. During the drug discovery process, once 
the lead compound is identified, there is a need for a lead optimization phase 
during which the identified lead is subjected to methodical synthetic modifica- 
tion by medicinal chemists in order to optimize activity. At this stage it is cru- 
cial to develop drug assays providing therapeutically-relevant data in order to 
change the molecular structure of the drug to obtain the most appropriate activ- 
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ity. As pointed out by Kenakin, the use of recombinant systems as lead-opti- 
mization assays, although being a tremendous boon to drug discovery in terms 
of obviating species differences, still does not eliminate the leap of faith required 
in going from the laboratory to the clinic [37]. This faith is also required when 
searching for novel CCBs. Indeed, the pressure of ‘deja vu’ could discard pro- 
moters of research from this field, despite evidences for potentialities with novel 
compounds having clinically valid indications in epilepsy, migraine, pain and 
other pathologies. Developing a comprehensive analytical pharmacology with- 
in this field could improve the drug discovery process by disclosing the most 
appropriate targets for the lead-optimization assays. For instance, the novel 
piperazines dotarizine and lomerizine [30, 65] share some properties with flu- 
narizine, but a comparative pharmacological profile, considering also their inter- 
action with VOCs, has not been performed. Therefore, it cannot be assumed that 
dotarizine is an optimized flunarizine and could have better clinical indications 
particularly in epilepsy, where despite positive experimental results [29, 39, 67, 
72, 76], clinical applications are not as successful [10]. 

The jump from pharmacological experiments to clinical trials remains haz- 
ardous and once a chemical agent has become a drug, a long time might be 
required before being universally recognized as a safe medicine. Twenty years 
after the earliest clinical trials and after many controversies, ALLHAT has 
proven the safety of calcium channel blockers! A long time ago, Withering 
wrote about digitalis: ‘Time will fix the real value upon this discovery, and 
determine whether I imposed upon myself and others, or contributed to the 
benefit of science and mankind’ [85]. 
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